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 Titre : Réduction du sucre dans les produits extrudés à base de céréales: impact de la teneur en eau sur la structure 
et la dynamique moléculaire de ces matériaux. 
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Résumé: Les systèmes à base de biopolymères à faible 
teneur en humidité sont couramment rencontrés 
dans les aliments. Bien entendu, il est primordial de 
comprendre les bases physiques de leur qualité: 
texture, performances dans le temps ou en fonction 
de leur composition. Le vieillissement physique des 
systèmes composites rend les changements 
survenant dans le stockage des produits comestibles 
difficiles à prévoir. Les objectifs de ce travail étaient 
d'évaluer l'incidence de la présence de saccharose et 
de la teneur en eau de fabrication sur les propriétés 
physico-chimiques du produit fini. La stabilité 
physique de ces matériaux a été contrôlée grâce à une 
étude à différentes échelles moléculaires. Ensuite, les 
relations entre les données multi-échelles ont été 
examinées. L'effet du saccharose (0 à 20%) et de l'eau 
d'alimentation (10 et 15%) sur les mélanges 
d'extrusion a été étudié à l'aide d'un extrudeur double 
vis conduit dans les mêmes conditions. Les propriétés 
physiques et microstructurales des produits extrudés 
expansés ont été examinées sous diverses conditions 
d'humidité relative. La réduction des teneurs en sucre 
et en eau d’alimentation a fait augmenter la pression 
et l’énergie mécanique spécifique, ce qui a réduit la 
dégradation de l’amidon et augmenté la viscosité 
dans l’extrudeur en particulier à la teneur en eau la 
plus élevée. L'augmentation de la pression dans 
l’extrudeur a entraîné une expansion plus importante 
des extrudés. Par contre, la technique d'imagerie 
neutronique montré que le saccharose réduisait la 
taille des pores, et donc augmentait la densité 
apparente et ce qui était particulièrement évident en 
utilisant. Cette technique a été appliquée pour la 
première fois sur des produits extrudés. Les images de 
tomographie 2D ont indiqué des différences 
structurelles internes entre les extrudés à différentes 
teneurs en saccharose et stockés à humidité relative 
différente. Toutefois, l'analyse d'images 3D a montré 
que l'impact de ces facteurs sur la distribution de la 
taille des pores et le taux de porosité n'était pas 
significatif. En fin d'extrusion, les échantillons étaient 
à l'état amorphe à la suite de la gélatinisation de 
l'amidon et de la fonte du sucre. Leursrs propriétés 
thermiques ont été analysées par analyse enthalpique 
différentielle (AED) et les températures e transition 
vitreuse ont été étudiées. Les thermogrammess d’AED ont 
été minutieusement étudiés via une déconvolution de la 
dérivée première de la variation d’enthalpie. Cette 
approche a mis en évidence que les systèmes composites 
étudiés présentaient des phases multiples avec des 
transitions vitreuses distinctes. Ces dernières sont 
associées à une phase riche en polymère (amidon 
principalement) et / ou à une phase riche en plastifiant 
(sucre) dont le comportement dépendait de la teneur en 
eau de l'échantillon. Les isothermes de sorption ont 
montré qu’aux faibles Aw et pour une valeur donnée, a la 
teneur en eau des extrudés diminuait avec l’augmentation 
des teneurs en saccharose et que l'effet inverse était 
observé aux aw élevées. L’étude de la cinétique apparente 
de lala diffusion de l'eau a mis en évidence deux sites de 
sorption différents.  Le premier est caractérisé par une 
cinétique quasi constante qui pourrait correspondre à un 
phénomène d'adsorption à la surface. Le second site 
présente d’abord un ralentissement initial de la cinétique 
de sorption, tandis qu’une forte augmentation est 
constatée lorsque la teneur en eau était plus élevée. Ce 
comportement peut être lié à un effondrement de la 
structure.  
Une étude par RMN à cyclage de champ rapide à basse 
fréquence a montré que les temps de relaxation dépendaient 
de la teneur en saccharose et en eau. 
Une carte de stabilité a été tracée pour modéliser les 
évolutions rhéologiques des matrices avec la teneur en eau 
en lien avec les transitions de phases des matériaux. Cettet 
carte est un outil prédictif du comportement des produits 
amorphes de part et d’autre de la température de transition 
vitreuse face à des variations de teneurs en eau .. 
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Title : Sugar reduction in extruded cereal based products: impact of water content on the structure and 
molecular dynamics in such material. 
Keywords : Extrudate, Water uptake, Sugar reduction, Molecular mobility, Physical aging 
 
Abstract: Low-moisture biopolymer-based 
systems are commonly encountered in food. 
Obviously, understanding the physical basis of 
their quality: e.g texture, or performance over 
time or as a function of their composition is of 
primary importance. Physical aging of composited 
systems makes the changes occurring on storage 
of edible products difficult to predict. The 
objectives of this work were to evaluate how the 
presence of sucrose and water content affects 
physico-chemical properties. The physical stability 
of these materials were monitored through an 
insight at different molecular scales. Then the 
relations between the multi-scale studies were 
investigated. The effect of sucrose (0–20%) and 
feed water (10 and 15%) on extrusion blends was 
studied using a co-rotating twin screw extruder 
under the same processing settings. The physical 
and microstructural properties of expanded 
extruded products were examined at various 
relative humidity. Reducing both sugar levels and 
feed water increased die pressure and specific 
mechanical energy, as a consequence, it reduced 
starch degradation and increased in viscosity. The 
effect was more pronounced with increasing feed 
water content. The increased die pressure 
resulted in higher expansion of the porous 
extrudates. Sucrose was shown to increase the 
bulk density and reduce the pore size, this was 
particularly evident by using neutron imaging 
technique. This technique was applied for the first 
time in extrudate. 2D tomography images 
indicated internal structural differences between 
extrudates containing different sucrose content 
and stored at low and high % RH, while 3D image 
analysis showed impact of these factors on pore 
size distribution and % porosity were not 
significant. At the end of the extrusion process, 
the samples were in the amorphous state as a 
result of starch gelatinization and sugar melting. 
Their thermal properties were analyzed with 
differential scanning calorimetry (DSC) and their 
glass transitions (Tg) were studied. The DSC 
thermograms were thoroughly studied through a 
Gaussian deconvolution of the first derivative of 
their heat low. This approach evidenced a multiple 
phase behavior with different glass transitions in 
composite systems. They were associated with 
either a polymer-rich phase and/or a plasticizer 
(sugar)-rich phase which behavior depended on the 
sample water content. Physical aging accompanied 
with an increase in rigidity at low aw, resulted in an 
increased bulk density and more pronounced with 
increasing sucrose content. Sorption isotherms 
showed the water content of extrudates decreased 
when product contains high sucrose at low aw range 
and the inverse effect was observed at high aw. 
Apparent kinetics of water diffusion showed two 
different sorption sites, the first kinetics was almost 
constant and could be adsorption phenomena at 
the surface. The second one reflected first an initial 
slowing in dynamics whereas a sharp increase was 
found at higher water content. This behavior might 
be related to structure collapse. Addition of sucrose 
or water decreased both Tgs in extrudates. Young's 
modulus showed water acts as anti-plasticizer at 
low aw, while it shows a plasticizing effect at high 
aw. A stability map can explain the brittle-ductile 
transition occurred below Tg. Fast field cycling NMR 
study at low frequency highlighted that T1 
depended on sucrose and water content. T1 and T2 
measured using Low field NMR decrease as a 
function of water content, while the impact pf 
sucrose were not significant. T2 showing a 
minimum probably indicating the exchange of 
protons of water and macromolecules in composite 
system. The impact of sucrose content was not 
significant for T1 and for T2 at low water content. 
FFC NMR showed T1 results consistent with the LF 
NMR measurement. 
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Abstract 
 
Low-moisture biopolymer-based systems are commonly encountered in food. Obviously, 
understanding the physical basis of their quality: e.g  texture, or performance over time or as a function 
of their composition is of primary importance. Physical aging of composited systems makes the 
changes occurring on storage of edible products difficult to predict. The objectives of this work were 
to evaluate how the presence of sucrose and water content affects physico-chemical properties. The 
physical stability of these materials were monitored through an insight at different molecular scales. 
Then the relations between the multi-scale studies were investigated. The effect of sucrose (0–20%) 
and feed water (10 and 15%) on extrusion blends was studied using a co-rotating twin screw extruder 
under the same processing settings. The physical and microstructural properties of expanded extruded 
products were examined at various relative humidity. Reducing both sugar levels and feed water 
increased die pressure and specific mechanical energy, as a consequence, it reduced starch 
degradation and increased in viscosity. The effect was more pronounced with increasing feed water 
content. The increased die pressure resulted in higher expansion of the porous extrudates. Sucrose 
was shown to increase the bulk density and reduce the pore size, this was particularly evident by using 
neutron imaging technique. This technique was applied for the first time in extrudate. 2D tomography 
images indicated internal structural differences between extrudates containing different sucrose 
content and stored at low and high % RH, while 3D image analysis showed impact of these factors on 
pore size distribution and % porosity were not significant. At the end of the extrusion process, the 
samples were in the amorphous state as a result of starch gelatinization and sugar melting. Their 
thermal properties were analyzed with differential scanning calorimetry (DSC) and their glass 
transitions (Tg) were studied. The DSC thermograms were thoroughly studied through a Gaussian 
deconvolution of the first derivative of their heat low. This approach evidenced a multiple phase 
behavior with different glass transitions in composite systems. They were associated with either a 
polymer-rich phase and/or a plasticizer (sugar)-rich phase which behavior depended on the sample 
water content. Physical aging accompanied with an increase in rigidity at low aw, resulted in an 
increased bulk density and more pronounced with increasing sucrose content. Sorption isotherms 
showed the water content of extrudates decreased when product contains high sucrose at low aw 
range and the inverse effect was observed at high aw. Apparent kinetics of water diffusion showed two 
different sorption sites, the first kinetics was almost constant and could be adsorption phenomena at 
the surface. The second one reflected first an initial slowing in dynamics whereas a sharp increase was 
found at higher water content. This behavior might be related to structure collapse. Addition of sucrose 
or water decreased both Tgs in extrudates. Young's modulus showed water acts as anti-plasticizer at 
ii 
 
low aw, while it shows a plasticizing effect at high aw. A stability map can explain the brittle-ductile 
transition occurred below Tg. Fast field cycling NMR study at low frequency highlighted that T1 
depended on sucrose and water content. T1 and T2 measured using Low field NMR decrease as a 
function of water content, while the impact pf sucrose were not significant. T2 showing a minimum 
probably indicating the exchange of protons of water and macromolecules in composite system. The 
impact of sucrose content was not significant for T1 and for T2 at low water content. FFC NMR showed 
T1 results consistent with the LF NMR measurement.  
The study on different molecular scales for extrudates showed that the addition of sucrose required a 
modification of the extrusion operating conditions to produce extrudates with optimal textural and 
storage properties. In conclusion, physicochemical studies of the influence of water and sucrose 
content on glassy materials showed that the material properties can be investigated at different levels 
from the macro- to the microscopic scale and these results clearly presented the need for 
complementary techniques to probe the dynamics in the glassy state of heterogeneous food systems 
that could be facilitated to manage the stability during storage of this type of dry products. 
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Introduction 
Cereal-based products are often produced by an extrusion-cooking process that allows  fast 
mixing-cooking-drying of the ingredients under high mechanical pressure. This process generally 
induces melting in the barrel and material vitrification following fast water evaporation at the exit of 
the die. This freezing of the structure into a solid foam is due to both the pressure and temperature 
difference between the extruder and atmospheric conditions after the die (Bhandari and Howes 1999, 
Roos 2003). Although cereals are mainly composed of complex carbohydrates, they are also a source 
of low molecular weight sugars as a result of both process and recipe (Williams 2014). Therefore, even 
if breakfast cereals are mainly composed of complex carbohydrates, they also contain  low molecular 
weight sugars now recognized as inappropriate for children and adults (Harris et al,. 2011, Williams 
2014, Fayet-Moore et al,. 2017). Reducing the sucrose content and increasing the protein level in 
breakfast cereals could induce changes in texture and stability which should not be perceived by the 
consumers of these products (Farhat et al,. 2000, Mezreb et al,. 2006, Pitts et al,. 2014, Philipp et al,. 
2017). Extruded foods are composed mainly of flour while salt and sugars are only minor constituents 
in the formulation. Each of these ingredients has physico-chemical properties playing a specific part in 
the processing characteristics and textural quality of the product (Pitts et al,. 2014). 
The general objectives for this research project were to provide a better understanding of the 
ingredients impact on the extruded product macrostructure and stability in different storage 
conditions. Water and sucrose were  varied in concentration and flour amount was used to 
compensate for the change of mass. This study of extruded products with various sucrose contents, 
appears very complex due to the hygroscopic nature of components affecting the overall water 
content and varying the water distribution between its main polymeric components and small 
hygroscopic molecules. The strategy used was: 
1. To investigate the effect of sucrose content in a wheat blend formation and feed water 
content on the extrusion processing characteristics, production quality, expansion, density, water 
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absorption, water solubility, microstructure and textural properties of extruded products and identify 
correlation between process properties of cereal with microstructure and physical attributes of the 
final product.  
2. To evaluate how  changes in plasticizer contents affect the mechanical properties of the 
matrix and confirm if the changes in texture are related to phase transitions such as the glass transition  
of extrudates. Moreover, the effect of storage time was also studied.  
3. To assess the effect of sucrose content on sorption (dynamic and at equilibrium) of 
extrudate when  exposed to an environment with a high relative humidity, including the application of 
models to predict the water sorption behavior, water migration and the textural behavior of porous 
solid systems during storage. 
4. To study molecular dynamics over storage.  1H NMR relaxometry was used to follow the 
changes in relaxation times (T1 and T2) for extruded samples at different relative humidity, relating 
proton mobility to the motions of small and large molecular components. 
In order to manage the possible evolution of a modified recipe of extruded cereal-based 
products, we aimed at better understanding the structural aspects and product stability affected by 
the change of recipe.  
Firstly, bibliographic review was carried out and a summary is provided in the next section.  
 
1.1 Impact of sugar addition  
The modification of solid foam texture by the addition of sucrose is due to plasticization of 
macromolecules (mainly, starch, gluten) by sucrose, which induces effects on macrostructure. 
Plasticization of starch systems by small molecular weight constituents is a widely reported 
phenomenon (Shogren 1992, Slade and Levine 1995). The addition of sugars increases solid foam 
density and results in a reduction in expansion and pore size of corn or wheat based products (Barrett 
et al,. 1995, Carvalho and Mitchell 2000, Farhat et al,. 2003, Mezreb et al,. 2006). As a consequence, it 
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also affects the mechanical and sensory fracture properties by increasing the fracture force. 
Plasticization by sucrose results in an increase in the molecular mobility of polymers, a feature which 
is reflected in a number of properties. The effect of sugar as a starch plasticizer also has been studied 
by Kalichevsky et al,. (1993), who determined the depression of glass transition temperature (Tg) of 
amylopectin films by calorimetric and mechanical methods. (Fan et al,. 1996b, Fan et al,. 1996a) 
investigated the effect of sugar inclusion on the extrusion of maize grits. The observed reduction in 
sectional expansion and specific mechanical energy (SME) was considered to be a consequence of the 
decrease in Tg on replacement of starch by sugar. Although sugar concentration is known to affect the 
structure and texture of cereal based-extrudates,  the effects of sucrose on extrudates prepared from 
different cereal type have varied. Carvalho and Mitchell (2001) reported that the extent of sugar 
plasticization was lower for wheat compared with corn and maize grit. It is suggested that this was 
because of the more amorphous character of the wheat extrudates. The smaller effect of sugar on the 
expansion of wheat flour compared with maize grits was proposed to be due to the greater degree of 
starch conversion in the latter system at all the sugar levels. Expansion was much lower for maize grits 
compared with the wheat flour, probably because of the lower elasticity in the less converted starch. 
These authors also noted that the replacement of maize by sucrose at constant water content reduced 
the specific mechanical energy and as a consequence, reduced the degree of starch conversion and 
sectional expansion. In contrast, replacing wheat flour by sucrose even at levels as high as 20% of the 
flour weight had little effect. This is possibly due to less efficient plasticization of wheat flour by sucrose 
compared with maize grits at low water contents, and a specific role for gluten and the larger particle 
size of maize grits compared with wheat flour. (Carvalho and Mitchell 2000). Mezreb et al,. (2006) 
related the difference effects of sucrose on corn and wheat extrudates by their composition. They 
showed that sucrose induced a reduction in product expansion, which was more pronounced for corn 
extrudates. Possible causes discussed were that within the wheat melt, competition should exist 
between the viscoelastic characteristics conferred by the gluten, and the drop in water availability. 
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They noted that independent of the flour type, an increase in sucrose leads to crisper products until 
an optimal content has been reached, beyond which crispness decreases.. 
 
1.2 Effect of water in amorphous foods 
Water is considered to be the most effective plasticizer in food matrices, decreasing Tg and 
mechanical resistance (Slade and Levine 1991, Moraru et al,. 2002, Pittia and Sacchetti 2008). Water 
has solvent properties and promotes mobility of polymer chain (Lewicki et al,. 2004) and crisp, hard or 
tough materials become soft, extensible and flowable at high hydration levels. Water plasticization is 
a process of great importance mainly in low moisture, cellular or porous foods, such as seeds, breakfast 
cereals or snacks of cereal origin, whose original  state are characterized by a crispy and brittle texture. 
This is relevant for their sensory acceptability and/or processing (Pittia and Sacchetti 2008). Despite its 
well-recognized and studied plasticizing effect, it has been observed that in some glassy polymer-
plasticizer systems, at temperatures below Tg, the increase of plasticizer concentration leads to an 
increase in rigidity and firmness despite a Tg decrease. This behavior is called the anti-plasticization 
effect of water (Pittia and Sacchetti 2008) (Fig. 1.1). This effect has been observed in many food 
systems differing in nature, composition and production process: starch extrudate (Shogren 1992), 
breakfast cereal (Gondek and Lewicki 2006), cracker and corn-rye crisp bread (Lewicki et al,. 2004), flat 
extruded wheat and rye bread (Marzec and Lewicki 2006), complex meat-starch extrudate (Moraru et 
al,. 2002), white and extruded breads (Roudaut et al,. 1998), corn flakes (Farroni et al,. 2008). 
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Fig. 1.1 Force at maximum deformation for common corn flakes (▲) and sugar-frosted corn flakes (), 
and onset temperature of glass transition for common corn flakes (O) at different water content. 
Symbols represent experimental values. Solid lines are the results of spline fit indicating the tendency 
of data points. The error bars represent standard deviation (Farroni et al,. 2008). 
The stability and textural properties of food products are closely related to their mechanical 
and thermal properties. If the moisture of products increases due to water sorption from the 
atmosphere or by mass transport from neighboring areas, the plasticizing effect of water severely 
reduces crispness (Farroni et al,. 2008). This loss of crispness has been shown to occur in the glassy 
state, implying the onset of molecular motion below the glass transition temperature (Tg) (Nicholls et 
al,. 1995). Decrease of mechanical resistance with increasing water content in cereal-based products 
emphasizes the plasticizing effect of water, reducing Tg (Roudaut et al,. 1998, Chaunier et al,. 2007) 
below consumption temperature. However, the prediction of crispness, on the basis of knowledge of 
the glass transition temperature alone, is not possible, because biopolymers can exhibit changes in 
fracture mechanisms in the glassy state. Molecular mobility can be considered from a structural and 
macromolecular level, and therefore, Tg can be a descriptive parameter of the physical state of 
macromolecules, which differs from the molecular mobility of smaller molecular such as water and 
sucrose (Barrett et al,. 1995). As polymers absorb water, their properties are not affected in the same 
manner, and in the low to intermediate humidity range, some mechanical properties such as the force 
at maximum deformation,  or Young’s modulus show a maximum or plateau region (Fig. 1) when 
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plotted versus water content while Tg continuously decreases (Roos et al,. 1998, Roudaut et al,. 1998, 
Lewicki et al,. 2004, Farroni et al,. 2008).  
 
1.3 Glass transition identification 
Water relationships are particularly relevant for amorphous, dry food systems. Such products 
are numerous as many processes (baking, dissolution/drying) lead to a loss of crystallinity, resulting in 
many foods showing polymeric material below or close to their Tg in storage conditions. The precise 
determination of the glass transitions of composite food matrices is not trivial, in particular when 
multiple glass transitions occur in close proximity due to the presence of different phases (Tedeschi et 
al,. 2016). Several methods may be employed for the analysis of the glass transitions in such situations 
such as the method based on the tangents to the heat flow curve. The onset and end of glass transitions  
are then determined as the temperatures at which the tangent at the inflection point intersects with 
the low-temperature baseline (Tg, onset) and the high temperature baseline (Tg, end), respectively. In 
addition, the midpoint glass transition temperature is defined as the temperature at which the 
inflection point occurs. Alternative methods for the determination of glass transition temperatures 
occurring in multiple amorphous phases include the analysis of the first derivative of the heat flow 
curve, the modeling of the heat flow curves by a suitable two-stage mathematical model, and the 
separation of the two glass transitions by DSC (Tedeschi et al,. 2016). Roudaut and Wallecan (2015) 
showed that the first derivative of the heat flow of low moisture baked product could be represented 
by a sum of two or three Gaussian functions suggesting that several glass transitions were present in 
flour-sucrose-water matrices (Fig. 1.2). This was of particular interest, as baked flour is a complex 
system containing starch and gluten, that has until now always been described as having a single glass 
transition (Pereira and Oliveira 2000, Carvalho and Mitchell 2001). The two Tg s were associated with 
either a polymer-rich phase and/or a plasticizer (sugar)-rich phase whose behavior depended on the 
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sample water content (Roudaut and Wallecan 2015). This approach evidenced a multiple phase 
behavior with different glass transitions in composite systems. 
 
Fig. 1.2. Deconvolution of the DSC thermogram of baked flour-sucrose-water blend equilibrated at aw 
= 0.75. Heat flow: -o- (left Y axis); first derivative of the heat flow of second heating scan: (right Y axis);-
--- Gaussian functions fitting the signal; sum of Gaussian functions (Roudaut and Wallecan 2015). 
Common methods for investigating glass transitions have focused on identifying 
thermodynamic, mechanical, or dielectric changes versus temperature while scanning through Tg. This 
testing is done at constant moisture content. However, increased plasticization of amorphous glassy 
materials induces a glass transition even while temperature is kept constant. Because moisture is the 
most common plasticizer in food materials, a critical moisture content, or a critical water activity can 
be associated to the transition from a glass to a rubber at constant temperature. In theory, scanning 
temperature and scanning plasticizer level should lead to the same equivalent glass transition event 
(Fig. 1.3). However, what has not been fully explored is the use of water vapor sorption-based 
experiments to directly determine the critical moisture content and relative vapor pressure associated 
with the glassy to rubbery transition. Only a few researchers have investigated the use of water vapor 
sorption-based experiments for determining the glass transition (Oksanen and Zografi 1990, Bell 1995, 
Ubbink et al,. 2007). Ubbink et al,. (2007) used a theoretical approach to identify the location of the 
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glassy to rubbery transition in the sorption isotherm, whereas Oksanen and Zografi (1990) and Bell 
(1995) used an empirical approach. 
 
Fig. 1.3. Comparison between thermal methods that scan temperature while holding moisture content 
(% moisture content) constant to determine the glass transition temperature (Tg) and sorption 
isotherm methods that scan water activity to identify a critical water activity (RHc) while holding 
temperature constant. In theory, both methods should provide the same information (Yuan et al,. 
2011).  
The glass transition temperatures of dry or intermediate moisture food vary significantly from 
temperatures below room temperature to very high values. In amorphous carbohydrates and proteins, 
water acts as a plasticizer, i.e., associated with a replacement of polymer interaction by a polymer 
solvent interaction resulting in a decrease in Tg. Therefore, changes in amorphous food properties may 
result either from glass transition occurring because of increasing temperature (thermal plasticization) 
or increasing water content (water plasticization) (Fig. 1.3). Several studies have used the Gordon-
Taylor (Roos and Karel 1991) or Couchman-Karasz (Kalichevsky et al,. 1993) relationships to predict the 
water dependence of glass transition temperatures. The established diagrams show critical values for 
water content and water activity that result in glass transition at storage temperatures (Fig. 1.4).  The 
critical water content and water activity diagrams together with state diagrams are important in 
explaining changes in time-dependent mechanical and flow properties that are governed by glass 
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transition and water plasticization (Roos 1995). Roos et al,. (1998) fitted the Gordon-Taylor and the 
Guggenheim-Anderson-de Boer (GAB) relationships to glass transition, water plasticization, and water 
sorption data. The GAB model is well known to fit to the water sorption data of food materials at 
various relative humidities (Roos 1995).  
 
Fig. 1.4 Typical state diagram of amorphous biological materials based on the glass transition 
temperature (Roos 2003). 
 
1.4 Kinetics of water uptake during storage 
Moisture migration is a common problem in many composite food systems where components 
of high/low water activity are adjacent (Guillard et al,. 2003b). Water diffuses from high RH into the 
low RH component leading to irreversible texture losses (Labuza and Hyman 1998). The transport and 
equilibrium properties of water for each compartment are important factors needed for modelling and 
predicting moisture transfer between components and, as a consequence, shelf life of the product 
(Guillard et al,. 2003b). The characterization and quantification of vapor sorption and diffusion in a 
material is of fundamental importance to the understanding and prediction of how the material will 
function over time. Many studies are focused on characterizing the sorption and diffusion 
characteristics of a vapor in a material to gain insight into the structure or chemical nature of the 
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material (Harley et al,. 2012). Owing to the complexity of food products, equilibrium hydration 
properties and water transport have been studied frequently in food model systems such as sponge-
cake (Guillard et al,. 2003b); cereal based-biscuit (Bourlieu et al,. 2008). Several mathematical models 
have been used to predict moisture transfer in foods such as; a single exponential for bread crusts (Van 
Nieuwenhuijzen et al,. 2008); the empirical model based on Fick’s second raw (Guillard et al,. 2003b, 
Guillard et al,. 2003a, Roca et al,. 2006, Bourlieu et al,. 2008). A maximum in the water uptake rate or 
effective diffusivity was found as a function of water content (Fig. 1.5). In addition, Karathanos et al,. 
(1990) and Guillard et al,. (2003b) found that moisture diffusivity within porous starch-based products 
increased gradually as the moisture content rose, reaching a maximum and sharply decreased. They 
attributed the changes in diffusivity  to the changes in porosity of the starch material resulting from a 
collapse phenomenon and water transport occurring in the liquid phase within the swollen matrix. The 
difficulties generally encountered in determining accurate values of mass transfer coefficients and 
several interfering phenomena (swelling, different mechanisms of water transport) made  the direct 
transposition of sorption kinetics values to moisture transfer difficult in composite foods. Nonetheless, 
identification of water uptake from water sorption kinetics seems a good means to assess diffusivity 
changes with moisture content and to provide a diffusivity model and initial parameters for modelling 
moisture transfer in a  composite food. However this diffusivity model should still be quantitatively 
adjusted to apply to moisture migration experiments modelling (Guillard et al,. 2004). This maximum 
of diffusivity upon hydration has been  related to the glass transition. Therefore, examining this 
behavior below or above  the glass transition could contribute to a better understanding of the physical 
stability of the products. 
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Fig. 1.5 Effective moisture diffusivity of sponge-cake at 20 oC as a function of moisture content (plotted 
moisture contents are arithmetic mean between initial and equilibrium moisture contents for the 
corresponding relative humidity range) (Guillard et al,. 2003b). 
The transitions or endothermal changes occurring below the glass transition temperature that 
provide information on the mobility within glassy materials have been examined.. Proton nuclear 
magnetic resonance (1H NMR) provides useful information on molecular mobility through relaxation 
times, such as the impact of water-solid interactions on molecular mobility and water populations (Kou 
et al,. 2000). This technique allows  differences in molecular mobility of polymers and water to be 
measured via the change in spin-lattice (T1) or spin-spin (T2) relaxation time constants with 
temperature or water content. Low field NMR has been used by Farhat et al,. (1996) to investigate the 
mobility in maze-sucrose extrudate as a function of hydration level. Shorter T2 values for the more 
mobile components of the signal recorded for the samples containing sugar were reported. As the 
water content was increased, the amplitude of the normalized NMR signal arising from the rigid 
component decreased for the samples containing sucrose, suggesting an increased mobility. 
Moreover, Roudaut et al,. (2009) studied proton mobility of the sugar starch systemsas a function of 
sucrose and water content, including the effect of storage temperature. They reported that T2 
increased with water content (up to 13% wb) at all temperatures. For a given water content, both rigid 
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and mobile protons exhibited a lower mobility in the presence of sucrose and that a  temperature 
increase induced an increase in both rigid and mobile protons mobility. Curti et al,. (2011) studied 
bread stealing in white bread over 14 days of storage by using low field nuclear magnetic resonance 
(LF NMR) and Fast field cycling nuclear magnetic resonance FFC NMR). Proton T2 relaxation time shifted 
toward shorter times, indicating a proton mobility reduction of the bread matrix during storage. Proton 
T1 of bread was measured at variable frequencies (FFC NMR) and found to decrease in bread during 
storage. In the work reported here, the NMR relaxation parameters were employed to study the 
molecular mobility of various components in extruded system and attempted to examine water 
dynamic and molecular changes occurring during storage in glassy state.  
 
1.5 3D analysis of microstructure 
Imaging techniques have the ability to supplement analytical techniques by supplying 
information on the macro and microstructure of solid foams (porosity, wall thickness). Conventional 
imaging methods used when studying starch extrudates are light microscopy (Altan et al,. 2009) and 
electron microscopy (Lopez-Rubio et al,. 2008, Mahasukhonthachat et al,. 2010). However, these 
techniques are generally used to image cross-sections or surface structures of the material and are not 
used to provide images of hydrated products. 3D tomography is more and more applied in the medical 
and food industry, but most of studies have focused on using X-ray tomography to determine 
characteristics of porosity in a wide range of food items, such as fried potato chips (Yang et al,. 2017), 
fried nuggets (Adedeji and Ngadi 2009), baked goods (Esveld et al,. 2012), cereals (Chaunier et al,. 
2007) and extrudates (Dalen et al,. 2007, Chevallier et al,. 2014, Pitts et al,. 2014, Philipp et al,. 2017).  
Neutron imaging and tomography also allow the observation of large sample structures at the 
scale of a few micrometers. Neutron imaging experiments are performed by transmission of neutrons 
through the matter and exploit their high sensitivity towards hydrogen (Tanoi et al,. 2009). Neutron 
tomography has been successfully deployed in material science, geology, archeology, etc.,so it is not 
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surprising that it is an emerging technique to study food microstructure (Tanoi et al,. 2009, Lagorce-
Tachon et al,. 2015, Aregawi et al,. 2013). For example, neutron radiography has been used to explore 
cork stoppers, and more precisely to study their quality through the quantification of their  defects 
(Lagorce-Tachon et al,. 2015); the impact of cooking on beef meat (Scussat et al,. 2016); the moisture 
loss in fruit or fish dehydration (Tanoi et al,. 2009, Aregawi et al,. 2013, Defraeye et al,. 2013). The 
work reported here used neutron imaging technique (applied for the first time to extruded products) 
to observe the changes occurring during storage of products formed from different recipes. 
 
1.6 Effect of storage time 
The complex composition of extruded products may lead to phase separation of the 
ingredients which may make the characterization of phase transitions very complex.  As a result,he 
usual DSC, and DMA techniques generally used for this purpose need careful analysis.  
Physical aging is also a structural relaxation occurring in glassy materials. It is characterized by 
the movement of structural components toward their equilibrium states as a function of aging time 
(Chung and Lim 2006). Many cereal-based processed foods are manufactured through thermal 
processing with relatively limited moisture and form as glasses at the point of manufacture.. During 
their storage, these cereal-based products gradually undergo slow relaxation processes. These physical 
changes are often responsible for the deterioration of the product quality as well as chemical reactions 
which continue to occur during storage, due to the remaining mobility of molecules  at a temperature 
below their glass transition. (Champion et al,. 2000). Aging induces the changes in both thermodynamic 
and mechanical properties of the products, including enthalpy, modulus, volume, and molecular 
diffusivity. Since the matrix material is predominantly starch, control of the physical aging 
phenomenon of starch is needed.. The physical aging of various glassy polymers has been characterized 
by using dilatometry and differential scanning calorimetry (DSC) (Lourdin et al,. 2002). Dielectric and 
dynamic mechanical measurements have also been performed on low moisture food such as white 
Chapter 1: Introduction 
 
15 
 
bread and starches (Chung and Lim 2004, Roudaut et al,. 1999, Chung et al,. 2004). In addition to these 
two commonly used techniques, proton NMR relaxation techniques also have been used to detect 
dynamic mobility which also relates to a change in the state of material under investigation (Barrett et 
al,. 1995, Roudaut et al,. 2009). 
 
Based on the state of art drawn from literature, three main questions remain and give 
orientation to this Ph.D. work: 
1°) The solid foam studied contains mainly two plasticizers (water and sucrose) in bio-
polymeric matrices: how does the variation of their amount induce changes during processing? 
2°) How do these two molecules modify the macro and microstructure of the foam? 
3°) Are the effects of these two plasticizers on water sorption, and molecular mobility 
synergistic or antagonistic?  
4°) Are techniques combination useful to study product stability?  
This PhD report is written as the first draft, preparing for scientific publication. Only material  
in the 5th Chapter has already been published. The work is divided in four main sections followed by 
conclusions and perspectives. 
In the first part, the results of a direct comparison between the effects of added sucrose on 
the extrusion behavior of the solids produced at 10% and 15% feed water content are reported. The 
influence of sugar on the expansion parameters (sectional and longitudinal expansion indices), the 
physico-chemical properties (water solubility and absorption indices, viscosity) and molecular size 
distribution of wheat extrudates have been determined. A question of interest is whether the same 
general behavior is found for extrudate produced at different feed water content.  
In the next section, the influence of water and sucrose on extrudate will be monitored at the 
microscopic scale. The neutron imaging technique is used on extrudates to provide a more complete 
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picture of microstructure of samples at different relative humidities. The 2-D and 3-D microstructure 
of extrudates were determined to have a better understanding of the impact of sucrose content on 
extrudate structure, and consequent water absortion. 
The third part focuses mainly on the physical state change. The plasticizing effect of sucrose 
on the glass transition temperature (Tg) is discussed,  using differential scanning calorimetry (DSC). This 
Tg value was obtained at different water and sucrose contents. Similarly to the sorption studies, 
phenomenological models used to predict Tg are presented and applied to the experimental data. It is 
well recognized that adding sugar also has an effect on the mechanical properties of these materials. 
The Young’s modulus was also evaluated using the compression method for samples at various water 
and sucrose content. State diagrams were established to assess the effect of Tg on the mechanical 
properties of these systems, including critical water content and water activity were provided. 
Finally, water dynamics  will be considered. In the last section, the experimental work includes 
water sorption studies of extruded products. The sorption kinetics for each equilibrating relative 
humidity were determined and in order to improve the understanding of sorption and diffusion 
behavior, phenomenological models were used. Work was undertaken to study the effect of sucrose 
and relative humidity on water dynamics and the molecular changes occurring during storage, by 
means of 1H NMR relaxometry. 
The study is genuinely multi-scale (from macrostructure to molecular scale) with a particular 
insight for the structural properties and molecular mobility of glasses in extruded products. Thus the 
efforts to link product properties  through an insight at different length scales will be shown to 
contribute to a better understanding of the physical stability of these materials.  
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Abstract  
The effect of sucrose content (0–20%), and of water amount (10–15%) used during extrusion process 
using co-rotating twin screw extruder, on macrostructure of expanded cereal-based extrudates were 
studied. An increase in feed water contents resulted in lower specific mechanical energy (SME), die 
pressure, expansion ratio and water solubility index (WSI), water absorption index (WAI) and higher 
bulk density. Higher sucrose levels led to increased values of WSI and to reduced values of SME, bulk 
density and WAI, the large molecules of extrudates were less degraded as sucrose content increased, 
while expectedly more degraded than their native starch counterparts. HPSEC of extrudates showed 
less extensive degradation of amylopectin fraction with increasing sucrose contents. However, HPSEC 
did not show obvious effects of sucrose content on starch molecules when extruded at the highest 
feed water. 
 
Keywords: Expanded extrudate, Sucrose, Water, Extrusion, Viscosity, Molecular size distribution 
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1. Introduction 
Breakfast cereal based-products have currently become an important source of energy in 
human nutrition, since their high carbohydrate, bran, mineral and vitamins content, together with a 
low fat amount, makes them suitable for a healthy breakfast (Bertrais et al,. 2000). Extrusion 
technology has been extensively applied to produce many novel starch- or protein-based foods. During 
twin-screw extrusion, the powdered ingredient mixture and feed water are introduced into the heated 
screw barrel of the extruder, heated, transported, compressed by the rotating screw, and pumped 
through the die at high temperature and pressure. The combination of shearing, temperature, 
hydration and pressure creates many opportunities for molecular changes such as starch 
gelatinization, protein denaturation , enzyme (in)activation and color changes (Wen et al,. 1990), and 
the product extent of which depend on the conditions of extrusion (temperature, initial moisture 
content, and screw speed) (Martínez et al,. 2014a). Extrusion cooking also changes the extent of 
molecular associations between components, e.g. the amylose-lipid complex and starch conversion 
which is dependent on the treatment intensity and feed composition(Fan et al,. 1996b, Martínez et al,. 
2014a, Martínez et al,. 2014b, Sun et al,. 2014). Those changes at the constituents’ level modify the 
rheological behavior of flour (Hagenimana et al,. 2006). 
Water is an essential reaction partner in gelatinization and plays one of the major roles in 
controlling extrudate attributes. Water addition is required for proper extrusion, improving blend flow, 
hydration of macromolecules (starch, gluten) and viscosity development, and extrudate cellular 
formation. When producing extruded snack products, there are many variables affecting the 
characteristics of the final product. Among these variables, however, feed water is one of the most 
important aspects in manipulating the physical characteristics of extruded products because it can 
substantially influence the temperature of melt, viscosity, and shear stress experienced by the material 
inside the extrusion barrel (Sumargo et al,. 2016). Different levels of water during extrusion have been 
studied on corn starch (Barrett et al,. 1995, Thymi et al,. 2005, Stojceska et al,. 2009), wheat flour rice 
and pea grits (Singh et al,. (2007), and on regular and waxy barley flours (Baik et al,. (2004). They found 
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that higher water feed level during extrusion decreased the radial expansion (Singh et al,. 
2007),volumetric expansion (Ryu et al,. 1993a), the mean cell size, and the fracturability of extrudates 
(Barrett et al,. 1995) whereas it increased bulk density and hardness of extrudates. After extrusion, 
water absorption index increased with a more pronounced effect when extruded with low feed water 
(Fan et al,. 1996a, McPherson et al,. 2000). Extrusion conditions showed large effects on the molecular 
weight of the extruded starches. Indeed increasing feed water content reduced both the specific 
mechanical energy (Barrett et al,. 1995) and resulting amylopectin degradation (McPherson and Jane 
2000). A question of interest is whether the same general behavior is found for extruded samples with 
different sucrose content. 
Sugars are the second major component, after flour, in the formulation of pre-sweetened 
cereals. In directly expanded products, the total concentration of sugar can be added during extrusion 
up to 50% by weight (Hsieh et al,. 1990). Sugars are added to ready to eat cereals principally for taste. 
However, sugars also contribute to the color, structure, and texture of extruded products.  The effects 
of sugar on extrusion processing and extrudate quality parameters have been investigated extensively. 
The addition of sugars increases product density and result in a reduction in expansion and pore size 
of corn or wheat based products (Moore et al,. 1990, Ryu et al,. 1993a, Sopade and Le Grys 1991, Jin 
et al,. 1994, Barrett et al,. 1995). As a consequence, it also affects the mechanical fracture properties 
of extrudates and their sensory properties. Mezreb et al,. (2006) revealed that the internal structure 
of the extrudates evaluated by image analysis showed a reduction of cell size with the sucrose addition 
in corn and wheat extrudates. This resulted in a reduction in overall product expansion and the change 
in extrudates physical structure strongly influenced the fracturability characteristics and sensory 
texture. In addition, Pitts et al,. (2014) noticed that reducing salt and sucrose level of wheat-corn 
extrudates increased torque, die pressure and specific mechanical energy resulting in higher expansion 
of extrudate i.e. with a more porous structure. It is believed that the presence of sugar in the extrusion 
melt alters the viscosity and/or glass transition temperature (Tg) of starchy based materials, thus 
influences the processing temperature required to convert materials from glassy state to rubbery 
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molten flow, resulting in changes in the expansion properties (Chinnaswamy 1993). Many researchers 
have reported, a raise of starch gelatinization temperature and a resulting increase in viscosity. 
Moreover, the gelatinization phenomenon has been seen to increase with sugar concentration (Zhou 
et al,. 2011, Funami et al,. 2005, Mezreb et al,. 2006). Carvalho and Mitchell (2000) reported that, the 
viscosity peak generally associated with the swelling of highly converted (hydrolyzed into sugars) 
starch conversion at low sugar content was not seen in extrudates with 20% sugar, suggesting a lower 
degradation at high sugar content due to an increase in the temperature of the melt and thus a 
reduction in the mechanical energy. Carvalho and Mitchell (2001) suggested that starch conversion 
decreased with increasing sugar content. In this work, the response to added sucrose at different feed 
water content on the extrusion behavior are reported. 
Sucrose and water synergistic effects on extrudates physical properties have been reported. 
Sucrose together with feed water were found to progressively facilitate corn extrudates collapse and 
reduce expansion (Sopade and Le Grys 1991). Barrett et al,. (1995) reported that for samples produced 
at 20% feed content, sucrose progressively reduced cell size and increased density, starting at 2% 
concentration. However, in samples produced at 15% feed water content, low levels of sucrose cause 
only negligible structural changes resulting in an increase in density and a reduction in mean cell size 
occur at sucrose contents of 8% or higher. The phenomenon is believed to be due to the co-solute 
effect of sugar to competing for water with starch. However, these results implied that for the lowest 
feed water, the synergistic effects were moderate and only obvious at the highest sucrose levels. By 
contrast, for the high extrusion moisture samples for which viscosity was already reduced by the higher 
hydration, the effect was comparatively more pronounced and obvious even from 2% sucrose levels. 
Similar effects of sucrose on the structure of wheat flour extrudates have been reported by Ryu et al,. 
(1993a) at 5 and 10% sucrose levels and 30% feed water. Ortiz et al,. (2010) also reported that water 
and sucrose content have a synergistic effect on cassava flour extrudates. The results indicated a 
decreased in SME and water solubility index (WSI), while water absorption index (WAI) and viscosities 
were more influenced by water content than sugar. The different effects of sugar indicated that this 
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plasticizer acted differently in determining the structure during extrusion depending on the sugar 
concentration and extrusion parameters. Both water and sucrose play an important role in the 
structure and final texture of an extruded product and may have a major effect on the consumer 
acceptability of the finished product. 
The reactions in the extruder depend on a large number of machine variables and raw material 
parameters. The effects of the extrusion process on extrudates structures have been studied (Barrett 
et al,. 1995, Fan et al,. 1996a, Carvalho and Mitchell 2000, Stojceska et al,. 2009, Alam et al,. 2013, 
Yeung and Rein 2015, Alam et al,. 2016). The specific mechanical energy (SME) is responsible for 
fragmentation of starch molecules (Lai and Kokini 1991, Fan et al,. 1996b, Gropper et al,. 2002). As a 
result of the applied shear forces, amylopectin molecules are broken. This phenomenon has been 
attributed to the decrease in the shear forces applied to molecules (Davidson et al,. 1984).  
The Rapid Visco Analyser (RVA) have been reported to directly measure the transformation of 
starch in products made by twin-screw extrusion (Becker et al,. 2001) and to provide a quick analytical 
tool for characterising extruded products due to their sensitivity to changes of processing parameters 
(Whalen et al,. 1997). Products extruded in different conditions have been reported to display different 
viscosity profiles: i) the higher the feed moisture content during extrusion the higher the viscosity at 
25°C on the RVA analysis, d final starch viscosities, ii) the greater the extrusion temperature and the 
shear the lower the viscosities in the early stage (25 °C) of the RVA measurement (McPherson et al,. 
2000). More detailed descriptions of starch breakdown during extrusion have evolved through the use 
of intrinsic viscosity, which can be correlated with molecular weight (Millard et al,. 1997). Viscosity by 
RVA depend very strongly on the dry matter concentration. Slight changes in the amount of water or 
sample may introduce error in the final viscosity. For this purpose, in this study, the  sample suspension 
will be stirred at 25oC to disperse uniformly the sample and to remove sample lumps until reaching a 
constant viscosity, after which all the lumps will break down and fully dissolve into a homogeneous 
and viscous slurry.   
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The degradation of starch in extruders also revealed that the highly branched large polymer 
like amylopectin is more prone susceptible to breakdown during extrusion than the linear polymer, 
amylose (Della Valle et al,. 1996). As specific mechanical energy and resulting starch breakdown are 
usually affected more by the feed moisture content than by extruder temperature. It has often been 
seen that lower feed moisture leads to increased breakdown or dextrinization, which may be due to 
the higher melt viscosity associated with that hydration level (van den Einde et al,. 2004, van den Einde 
et al,. 2005). Amongst the popular common techniques for molecular studies, size exclusion 
chromatography (SEC) is also an efficient method for monitoring starch breakdown and from such 
studies, it has been concluded that amylopectin, is more affected than amylose by extrusion 
processing, likely due to amylopectin being unable to align  in a high shear environment (Davidson et 
al,. 1984, Kowalski et al,. 2018). Additionally, size exclusion chromatography has shown that 
amylopectin tends to break apart towards the inner region of the molecule (Li et al,. 2014, Kowalski et 
al,. 2018, Liu et al,. 2010). This work explores the degradation mechanism of extrudate with various 
sucrose content, to see if the degradation process has any selectivity toward structural features of the 
polymer molecule and changes in the size distributions. 
Although it is well documented that extrusion cooking can change the structure of starch at 
every level (from molecules to granules) it is of great interest to know the dissimilarities in physical 
properties of extrudate processed at various sucrose and feed water contents. The effect of sugars and 
water on the extrusion processing of starches has already been studied by some authors (Hsieh et al,. 
1990, Ryu et al,. 1993a, Barrett et al,. 1995, Carvalho and Mitchell 2000, Mezreb et al,. 2006). In this 
study, the results of a comparison beween the effect of added sucrose on extrusion behaviour at 
different feed water (10 and 15%) are reported. In addition, the dispersion time during RVA 
measurement and a comparison of viscosities beween blend and extrudate will be discussed. 
Moreover, the HPSEC technique was used to study the molecular properties of extrudates after 
processing. The influence of SME and molecular degradation on the pasting properties, water 
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absorption index, and water solubility index of extrudates during extrusion process were analyzed for 
complex formulations of breakfast cereals models.  
 
2. Experimental        
2.1 Preparation of the extruded samples 
Wheat flour, wheat starch, gluten, sucrose and salt (water content:14.4%, 12.5%, 7.4%, 0.39% 
and 0.22% based on dry basis, respectively); of commercial grade were supplied by ADM CHAMTOR 
(Les Sohettes, France) or bought in local supermarket (salt and sucrose). The ingredient blends 
contained 0, 5, 10, 15, and 20% (w/w) sucrose with wheat flour (53-73%, w/w), wheat starch 16% w/w, 
gluten 16% w/w and salt 1% w/w. Their extrusion cooking was conducted on a Clextral BC-45 
intermeshing twin-screws extruder with a 1.5 m long barrel using 10 and 15 % w/w initial moisture 
contents. The barrel heating zones were at 80 °C, 130 °C and 160 °C (±2 °C), and a 6.0 mm circular die 
was fitted to the end of the barrel. The screw speed was 150 rpm. The solid feed rate was 34 and 36 
kg/ h, and water was added 6 and 4 l/h, resulting in a water content of ~10 and 15% wb in the final 
extruded samples, respectively. After removal of the die, samples were allowed to cool down to 
ambient temperature on a conveyer belt and were finally dried at 105 °C for 5 minutes to bring the 
final product to a moisture content of approximately at 3-4 %. After cooling, samples were hermetically 
sealed inhermetic bags and stored at ambient temperature. 
 
2.2 Bulk density 
The piece density (𝐷𝑒) was determined as the weight of extrudate (𝑊𝑒) divided by the 
equivalent volume of solid foam (𝑉𝑒). The volume (𝑉𝑒) was determined by substituting rapeseed weight 
(𝑊𝑟) for extrudate volume and dividing it by rapeseed density (𝐷𝑟); measurements were carried out 5 
times and average were calculated (Eq. 2.1).  
𝐷𝑒 = 𝑊𝑒 ×
𝐷𝑟
𝑊𝑟
          Eq. 2.1 
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2.3 Specific mechanical energy (SME) 
 The specific mechanical energy was calculated with Eq. 1.2 (Hu et al., 1993). 
𝑆𝑀𝐸 (𝑘𝐽. 𝑘𝑔−1) =
𝑆𝑐𝑟𝑒𝑤 𝑠𝑝𝑒𝑒𝑑 (𝑟.𝑝.𝑚)×𝑀𝑜𝑡𝑜𝑟 𝑝𝑜𝑤𝑒𝑟 (𝑘𝑊)×𝑇𝑜𝑟𝑞𝑢𝑒 (𝑁.𝑚)
𝑀𝑎𝑥.𝑠𝑐𝑟𝑒𝑤 𝑠𝑝𝑒𝑒𝑑 (𝑟.𝑝.𝑚)×𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑜𝑢𝑡 (𝑘𝑔.𝑠−1)×100
     Eq. 2.2 
 
2.4 Expansion 
The cross-sectional expansion ratio (ER) was determined as the diameter of extrudates divided 
by the diameter of the die exit (6.0 mm). Each value was an average of 10 measurements measured 
just after extrusion (after leaving the die).  
 
2.5 Rapid Viscosity Analysis (RVA) 
The extruded samples were ground to a fine powder using an agate pestle and mortar. 
Moisture contents of the ground samples were determined by the air oven method of (AOAC 2005). A 
Rapid Viscosity Analyser (Model 3-CR, NewPort Scientific Pty. Ltd., Sydney, Australia) was used to 
measure the apparent viscosity of samples as a function of temperature. 2.5 g of ground sample (mass 
adjusted to have equivalent to 14% water on a dry basis for all powders) were added to 25 g of distilled 
water. A plastic paddle was inserted into the canister and it was rotated to disperse the material 
without any lumps. The sample temperature was equilibrated to 25 oC for 110 min to stabilize the 
temperature and ensure maximum dissolution and powder dispersion, the sample was then heated to 
55 oC at 6 oC/min subsequently held at 10 min at 55°C and then cooled to 25 oC, at 6 oC/min and held 
there for 30 min. Then, it was heated up to 95 oC, at 6 oC/min, held at that temperature for 5 min and 
then cooled down to 25 ℃ at the same rate and held for 30 min (Fig. 2.5). 
 
2.6 Water absorption index (WAI) and water solubility index (WSI) 
The WAI and WSI were determined in triplicate according to the method described by 
(Anderson et al,. 1970) with modifications. Briefly, known weights (2.5 g) of sample powder were 
added to 30 mL of distilled water. The resulting slurries were then stirred for 3 hr. The suspension was 
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then centrifuged at 3000 g for 20 min (Thermo IEC model CL3-R, Waltham, MA USA). The supernatant 
was decanted into an aluminum dish of known weight and the sample dried at 105 oC until constant 
mass of dried matter. The remaining sediment in centrifuge tube was weighed and the WAI calculated 
(Eq. 2.3).   
𝑊𝐴𝐼 (𝑔 𝑔⁄ ) =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑
       Eq. 2.3 
The weight of solids in the supernatant was used to calculate the WSI as a percentage of dry weight of 
extrudate (Eq. 2.4). 
𝑊𝑆𝐼 (%) =
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠
× 100    Eq. 2.4 
 
2.7 High-performance size exclusion chromatography (HPSEC) 
The sample (1 g) was first dissolved in 95% dimethylsulphoxide (DMSO) (20 mL) with magnetic 
stirring for 3 days at room temperature. The sample was then precipitated with 60 mL of pure ethanol 
and stored overnight at 4 oC. The precipitate was filtered over a glass filter and washed successively 
with acetone (10 mL) and diethylether (10 mL). The precipitate was air-dried under a hood for few 
hours to eliminate the solvents, and finally dried in oven at 45 °C for 18–20 h. An aliquot of dried 
sample (150 mg) was solubilized in 20 mL deionized water and stirred with a magnetic stirrer in a 
boiling water for 30 min. Solutions were cooled down in ice bath for 30 min and then centrifuged at 
12,000 g for 20 min at 15 °C. The supernatant solution was filtered using a 0.5 µm syringe filter. The 
filtrate was injected (100 mL) in an HPSEC system (LaChrom Elite HPLC Systems (Hitachi High 
Technologies Co., Tokyo, Japan)). The system consisted of a Hitachi pump L-2130 and a differential 
refractive index detector (Model Spectra SYSTEM RI-150, Thermo Separation Products). The size-
exclusion system comprised a TSK gel G5000-PWXL size-exclusion analytical column (7.8 x 300 mm 
(Tosoh, Japan) HPSEC columns connected and kept at 20 °C. The mobile phase was Millipore water 
passed through the system at a flow rate of 0.7 mL/min. A deconvolution technique developed to find 
the peak function using OriginPro 2017 (OriginLab, Northamton, USA), typically a Bi-Gaussian was 
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applied to convert the SEC data in terms of elution time. The relative percentages of amylopectin and 
amylose were obtained as the areas under the first and second deconvoluted curves, respectively.  
 
Results and discussion 
3.1 Specific mechanical energy (SME) and die pressure 
 Specific mechanical energy (SME) values may be defined as the energy input transmitted to 
the material being extruded by the screws, which characterizes the extruder operations and is often 
correlated to product quality, this can be also correlated to the degradation of starch in the system. 
Indeed, SME value indicates the extent of molecule breakdown or degradation that mechanical force 
undergoes during extrusion process, so this value is an important parameter influencing final product 
characteristics such as solubility, expansion index, etc. (Carvalho and Mitchell 2000, Zhu et al,. 2010). 
When blend mixtures were extruded with low feed water content, extruded samples exhibited higher 
SME than samples with a higher feed water (Fig. 2.1a).Increased feed water content resulted in an heat 
transfer increase from the extruder to the feed material and consequently decreased viscosity, shear, 
and friction during extrusion. In fact, the higher water content, the lowered both torque and SME 
because of the reduction of force required to push wet mass through the die strictly linked to water 
plasticizing effect (Chen et al,. 2010).   
As it can be seen in Fig. 2.1a, the incorporation of sucrose above 10% induced lower SME values 
compared to those for samples without sugar, presumably due to a torque decrease with increasing 
sugar content. Previous studies also showed that addition of sugar content in a wheat-corn flour blend 
caused a significant decrease in both die pressure and torque (Barrett et al,. 1995, Pitts et al,. 2014). 
In the present work, the SME values for 15% feed water batches are substantially lower than those for 
the 10% feed water batch. The effect on both SME and die pressure of increasing sucrose content is 
much less apparent, in the higher moisture samples (Fig. 2.1a, b), probably because the so high level 
of hydration in extruder gives a too low viscosity than it is not possible to identify the sucrose effect 
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on it. Ortiz et al,. (2010) reported also that water content is more effective in reducing SME, hence 
water, dissipates more energy than sugar.(Ryu et al,. 1993a, Barrett et al,. 1995).  
SME is usually directly related to the expansion of extrudates: high SME inducing highly 
expanded extrudates.  High values of SME were also measured by other authors (Carvalho and Mitchell 
2001, Bindzus et al,. 2002, Pitts et al,. 2014, Pitts et al,. 2016) for extrusion of maize and wheat starches 
under low water content condition and the effects of sugar addition on SME were also found to 
decrease in die pressure (Fig. 2.1b) and expansion on maize and wheat starches (Carvalho and Mitchell 
2000), and for sucrose and fructose (up to 20%) on maize grits (Fan et al,. 1996a).  
 
3.2 Extrudate expansion and bulk density 
Increasing feed water from 10 to 15% decreased the product diameter and cross-sectional 
expansion ratio (ER) and thus increased the bulk density of the extrudates. (Fig. 2.2a-c). Lower SME 
leads to lower melt temperature at the die and thus a lower driving force for expansion. At both feed 
water levels, the highest bulk density and the lowest expansion ratio were observed at 20% sucrose 
content. Bulk density of extrudates decreased as sucrose level increased, while the bulk density for 
samples extruded at 15% water showed no significant trend between 0 and 20% sucrose content, 
probably because of the high level of density reached for this product. Jin et al. (1994) also observed 
increased bulk density and decreased both axial and radial expansions with addition of sucrose. Lower 
driving force (SME) together with a greater collapse due to the plasticizing effect of sucrose (Sopade 
and Le Grys 1991) were probably the primary factors responsible for decrease in expansion with 
increase in sucrose level.  
The expansion of extruded cereals or starch-based materials is dependent on the degree of 
gelatinization, which in turn was determined by processing temperature, shear rate, and moisture 
contents of the feed material (Guy and Horne 1988). The presence of sugar and salt is know to increase 
gelatinization temperature because they tend to reduce the availability of water for all ingredient 
hydration (Moore et al,. 1990), sugar and/or salt molecules may absorb more water from the corn 
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meal than starch does. Mezreb et al,. (2006) reported that a sugar content increase would effectively 
cause competition for the limited moisture available in the system for gelatinization. This inhibitory 
effect of sugars on starch gelatinization has been attributed to the decreased in the water activity 
values thereby impeding the penetration of water into the granule (Beleia et al,. 1996). Spies and 
Hoseney (1982) suggested that sugar molecules interact with the amorphous regions of starch into 
granules through the formation of bridges between sugar molecules and starch chains. Thus, more 
energy was required to melt the starch granules. Moreover, Hirashima et al,. (2005) observed that a 
lower content of sugar enchanced the swelling of starch granules.  
Similarly, increasing the feed water resulted in decreased expansion ratio (Fig. 2.2b). Launay 
and Lisch (1983) proposed that the longitudinal and sectional expansions are dependent on the melt 
vicosity and elasticity. The increased temperature due to the decreasing feed water would yield a lower 
melt viscosity and increased longitudinal expansion, and cause a decrease in sectional expansion. The 
presence of sucrose inhibits the ability of the extrudates to expand and/or facilitates collapse of the 
structure after expansion, possibly by reducing melt viscosity and elasticity (Barrett et al,. 1995).  The 
impact of sucrose addition on specific lenght, SL (length of sample divide by weight of sample) was not 
significant, while more showed higher SL when samples extruadte at higher feed water (data not 
show). The sectional indices decreased with the addition of sucrose, thereby leading to a less expanded 
product. Mezreb et al,. (2006) and Fan et al,. (1996a) suggested that a drop in expansion could be 
considered as a consequence of the decrease in the melt glass transition temperature with sucrose 
addition. However, sucrose addition did not affect the SL of extrudate processed at 15% feed water. 
The high feed water content may have reduced both the viscosity and the melt temperature resulting 
in low SME, consequently the feed material got insufficiently sheared and a irregular shape of 
extrudate was observed. This may have affected the determination of the samples dimentsions (e.g. 
SL)  
The effect of sucrose on the bulk density of extrudates produced at 15% extrusion water was 
more scattered than that of extrudates produced at 10% (Fig. 2.2c). However, the slope of the linear 
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reagression are probably similar. The density determination of extrudate colud be affected due to the 
difficulty with accurated dimensions measuring of the irregularly shaped samples containing sucrose 
for extrudates produced at 15% sucrose. The effects of sucrose and feed water content on the shape 
of extrudates are visible on the photographs of extrudates containing various sucrose levels and 
obtained under different feed water (10% and 15%) shown in Fig. 2.3. The extrudates processed at 
15% feed water and with 0 and 5% sucrose had the form of a straight rod-like thread, while the 
extrudates with 10, 15 and 20% sucrose had a rod-like cross section twisted into the form of a spiral. 
The most striking observation was that, depending on processing water level, the aspect of extrudates 
changed from a smooth cylinder at 10% feed water to a twisted, screw marked cylinder at 15% 
(especially from 10% sucrose). When sucrose increased from 0 to 20% for a 10% feed water, expansion 
decreased as reflected in the diameter decrease. The occurrence of irregularly shaped extrudates has 
been associated with situations where the processing temperatures were low, or the feed material 
insufficiently sheared  or where there was little filler or processing aid present. In addition, Lue et al,. 
(1991) reported regular, ridged surface distortion (sharkskin) in corn meal extrudates with 30% fiber 
and extruded at a screw speed of 300 rpm. They suggested that this phenomenon depended primarily 
on either the linear extrusion speed or temperature. El Kissi et al,. (1997) explained that the roughness 
or sharkskin appears due to the relaxation of tensile stress downstream of the exit section. Indeed, 
during the formation of cracks, the melt sticks against the wall, forming a ring where it leaves the die. 
As the ring develops, the melt continues to flow, producing a screated rod that produces a rough 
surface with the appearance of sharkskin.  
The results also showed that the higher the SME, the lower the bulk density (Fig. 2.2c). The 
release of evaporating water and the cooling of the resulting porous starch matrix led to the expansion 
of starch when it came out of the extruder die into the atmosphere. Indeed when the sample exits the 
die, the pressure drops to atmospheric pressure, which leads to a sudden expansion of the sample due 
to the release of water vapour. Water vapour expansion causes bubbles to grow and the viscosity of 
the bubble wall becomes a major factor in the final size of the gas cells. Low viscosity of the bubble 
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wall allows greater bubble growth but the resulting structure can collapse if hygroscopic properties of 
ingredients delay the dehydration of the matrix which collaspes before drying. Viscosities will be a 
function of the molecular size and shape of the polymers. If the water vapour is no longer inflating the 
bubbles; then the bubbles may collapse if their walls are not sufficiently rigid (as exemple for the 
samples with higher moisture content). This viscosity will depend on temperature, particularly in the 
region of the glass transition temperature. If the walls are still in the rubbery state then bubble collapse 
is likely to happen (Majzoobi and Farahnaky 2010). Just after the die, there are kinetics effects between 
expansion due to water evaporation under pressure differential and vitrification due to a fast drying 
of the matrix. 
 
3.3 Water absorption index (WAI) and water solubility index (WSI) 
WSI and WAI are two important measurements of physico-chemical changes in starch as a 
result of extrusion processing (Fig. 2.4). The water solubility index of wheat flour, wheat starch, and 
extrudates took into account starch and soluble component. Both indices increased with SME (data 
not shown). Shear energies are known to increase the breakdown of both starch granules and 
macromolecules and subsequentely the starch granules absorbed water at room temperature and 
swelled much more than flour and natives ones, causing an increase in viscosity (7.48 and 0.62%, 
respectively). Silva et al,. (2009) suggested that the starch granules should undergo a certain degree of 
conversion to initiate water absorption. Native starch can only absorb a minimum amount of water 
(Guha et al,. 1997). Higher WAI indicates the presence of larger granule fragments, while higher WSI 
implies that starch was depolymerized (Kristiawan et al,. 2018, de Mesa et al,. 2009). 
High WAI is an vitro indicator of good starch digestibility as it implies the extent of 
gelatinization and dextrinization (Guha et al,. 1997). The WAI measures the amout of water absorbed 
by starch and can be used as an index of gelatinization (Anderson et al,. 1970, Kirby et al,. 1988). It 
may be expected that as the the starch granule structure is disrupted, more water gets bound to the 
starch molecule resulting in higher WAI values (Ding et al,. 2006), which explains that WAI increased 
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with feed water increase and sucrose content decrease (Hagenimana et al,. 2006). WAI depends on 
the availability of hydrophilic groups and on the capacity of gel formation of the macromolecule 
(Gomez and Aguilera 1983).Regardless of the sucrose level in the mix, the WAI showed a reduction in 
this parameter value with a sucrose content increase, which extrudates may decrease their capacity 
to form a gel with an increasing of sucrose content. Mezreb et al,. (2006)  and Sopade and Le Grys 
(1991) WAI decreased with an increase in sucrose content for maize extudates showed, indicating that 
the presence of sucrose could have reduced any detrimental effect on water binding sites of the 
gelatinized starch and inhibited degradation of starch molecules bringing about higher WAI.  
WSI, often used as an indicator of degradation of molecular components, slightly increaseed 
with increasing sucrose content (Fig. 2.4b). The quantity of water-soluble fractions in extruded samples 
increased with sucrose content due to the higher amount of sucrose in the sample and decreased with 
feed water probably due to a lower macromolecule degradation. An increase in WSI was observed with 
decreasing amounts of water, which is consistent with the result reported by Ding et al,. (2005) and 
Silva et al,. (2009). Extrusion at low water contents would cause an increase in the amount of water 
soluble molecules.  
 
3.4 Viscosity of blends and resuspended extrudates 
Native flour and blend before extrusion demonstrated a typical RVA profile, showing a peak 
viscosity during heating at 95 oC, but this peak was not observed at 55 oC heating phase because the 
temperature was too low for gelatinization (Fig. 2.5 and 2.6). It was noticed that blends took both a 
longer pasting time and higher temperature to swell and gelatinize the starch granules than the native 
flour did. Native starch granules are insoluble in water due to the strong hydrogen bonds holding the 
starch polymers together; but, when the aqueous suspension is heated, the granules begin to swell 
when sufficient heat energy is present to overcome the hydrogen-bonding forces. Viscosity shows a 
maximum corresponding to both granule swelling and burst, making amylose and amylopectin soluble. 
The increase in viscosity during cooling is induced by temperature effect and the rearrangement of 
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leached out amylose, which then forms a thin amylose gel layer (Jane et al., 1999) as well interactions 
in this new organisation between lipids, protein and complex carbohydrates (Kaur et al,. 2009, Jane et 
al,. 1999). 
In order to further understand the effect of sucrose and extrusion water on material behaviour 
and melt rheology of wheat flour blends, the dry samples extruded with 10% sucrose were grounded 
and resuspended. Extrusion processing usually involves breakdown of the starch granules and 
interactions with the other ingredients of the blend such as here: protein,  sucrose. Rapid Visco 
Analyser (RVA) can monitor the degree of gelatinization for blend with native starch but also viscosity 
evolution as a function of temperature treatment for extruded products (Ryu et al,. 1993b, Zhu et al,. 
2016, Guo et al,. 2018). Starch gelatinization is a process of breaking down the starch intermolecular 
bonds in the presence of water and heat, allowing the hydrogen bonding sites to engage more water. 
It corresponds both to the melting of the crystalline parts of native starch granules, and the glass 
transition of the amorphous ones: gelatinization of starch makes amylose and amylopectine soluble in 
water at ‘high” temperature. The viscosity of a blend depends to a large extent on the degree of 
gelatinization of the starch granules (Carvalho et al,. 2010). RVA profiles (Fig. 2.5)  of grounded sample 
with 10% sucrose extruded at 10% feed water were studied at 25°C during 110 min in order to obtain 
a stable viscosity: it correponds to the particle swelling and dissolution of all soluble components. A 
temperature treatment at 55°C was carried out to help for extrudates complete dispersion and/or 
dissolution. 
Compared with that of native wheat flour and native (before extrusion) blend with 10% 
sucrose (Fig. 2.5) the initial viscosity of extrudates was much higher than that of native flour and blends 
because extruded samples were already gelatinized in extruder and an another temperature treatment 
at 95°C in RVA did not change the measured viscosity at 25°C, showing a full melting of starch during 
the extrusion process. However, the viscosity after the 95°C treatment was much lower for powders 
from extrudates than for native flour and blends powder: this clearly suggests that the extrusion 
process caused macromolecule disruption. When extruded samples were processed with 15% water, 
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the dissolution/dispersion phenomena in RVA can, be more difficult due to the higher density of the 
products : it appears more difficult to have a stable viscosity and this viscosity is higher than for samples 
processed with 10% water: 1.67 Pa.s for the sample containing 10% sucrose processed with 10% feed 
water against 2.74 Pa.s for the one processed with 15% water after a temperature treatment at 55°C 
helping for dispersion/dissolution. It is important to notice that only the temperature treatment done 
at 95°C induced a decrease of viscosty for 15% feed water samples, giving viscosity values in the same 
order of magnitude as samples proceeded with 10% water (Fig 2.6 and Table. 2.1). A higher amount of 
water during the process appears to induce less macromolecular disruption: either starch is not fully 
gelatinized and amylopectin and amylose were not well dispersed or protein molecules were not fully 
denaturated.  
RVA plots of extrudates with various sucrose levels and extruded at 10% and 15% feed water  
(Fig. 2.6a, b respectively) show a decrease in viscosity with an increase in sucrose content. In fact, a 
higher amount of damaged starch, resulting from increased shearing forces (higher SME) is observed 
with lower plasticization during extrusion (Whalen et al,. 1997, Ortiz et al,. 2010). The lowest viscosities 
values for extrudate containing 20% sucrose at both 10% and 15% feed water content (Fig. 2.6) seemed 
to have a direct and inverse relationship to SME values.  
 Due to low feed water content, starch were likely gelatinied to a greater extent and the 
resistance against the flow could increase with generating more shearing forces. Thus the starch 
molecules could be depolymerized due to the effect of mechanical shearing forces along with 
degradative effect temperature (Fallahi et al,. 2016). It has been well documented that lower viscosity 
values for extruded starch are influnced by molecular degradation which occurs during extrusion 
(Ozcan and Jackson 2005). Blanche and Sun (2004) also observed that higher feed water and lower 
screw speed each caused an increase in the viscosity values of corn starch extrudates due to the 
presence of starch granules remaining ungelatinized upon extrusion cooking. 
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3.5 HPSEC of extrudate 
Based on the previously described results, it was hypothesised that molecular degradation 
occurred through extrusion. The extrudates were analysed with HPSEC for their molecular sizes 
distribution and relative percentage changes of large and small macromolecules along with native 
wheat starch as a reference. HPSEC profiles (Fig. 2.7) provide insight into this phenomenon since 
elution time is related to the molecular weight. The extruded samples and native wheat starch showed 
two peaks. The first one around 7.5-10.5 min was associated with large molecules and the second one 
around 10.5-16.0 min elution time is associated with small molecules. The peaks were better 
individualised for native starch than for the extrudates for which the second peak became wider, in 
agreement with previous works (Wen et al,. 1990, McPherson and Jane 2000, Van Lengerich 1990). In 
addition, the first and main peak was slightly shifted towards higher elution times for extrudates. 
Indeed, extrusion of starch caused the degradation of amylopectin molecules, most probably through 
the cleavage of outer linear chains, resulting in a broadening of the second peak, reflecting increased 
amylose-like fractions (Chinnaswamy and Hanna 1990, Chinnaswamy and Hanna 1991, Pushpadass et 
al,. 2009).  
Extrusion of blends at 10% feed water and addition of sucrose increased the intensity for large 
molecule fraction and elution volume range slightly shifted to lower values, probably due to a lower 
degradation in presence of sucrose. Indeed maximum starch degradation occurred for extruded 
sample without sucrose (Fig. 1.8). Starch depolymerization upon extrusion has been shown before, for 
cereals starches (Della Valle et al,. 1995, McPherson and Jane 2000, McPherson et al,. 2000), but the 
extent of degradation for extrudates with various sucrose content have rarely been reported and it 
seems that sucrose addition seem to limits the starch degradation (Fig. 2.8).  
For extruded samples, the small and large molecule regions overlapped, and thus 
normalization was done to set the integral of the curve equal to unity to follow any change in the 
distribution of elution time upon process. For extruded sample produced at 10% feed water, a 
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reductions in the relative percentages of large molecules was accompanied by a corresponding 
increase in small molecules (Fig. 2.8), while there was no obvious difference for extrudates produced 
at 15% water. The relative percentages of large and small molecules in native starch were 54 and 46%, 
respectively, which changed in extrudates with various sucrose content to 38-56.2% and 43.7-62.2%, 
respectively, in the extrudates. Compared to native starch, the longer elution times of the small 
molecule fraction in extruded samples implied that the degraded large molecules fraction, then 
resembling that of smaller molecules, might have eluted along with the amylose fraction. In addition, 
Van Lengerich (1990) suggested that glycosidic bonds between glucose units in starch molecules were 
broken by the extrusion process. In particular, amylopectin molecules could be affected by this 
molecular depolymerization, while breakdown of amylose molecules is either negligibly small or would 
not take place during wheat molecules extrusion. Amylopectin depolymerised into both large and 
small fragments. The larger fragments were intermediate in size between amylopectin and amylose. 
However, the smaller fragments were the same or nearly the same size as the amylose molecules and 
thus caused an increase in the amylose peak. Percentage of amylose and amylopectin which 
corresponds to small and large molecules in native wheat starch using HPSEC and extracted by KOH-
urea solution reported by Grant et al,. (2002), showing the amounts of amylose and amylopectin are 
23-27% and 73-77%, respectively while the percentage of small and large molecules for the extrudates 
of the present study are different from these amounts, possibly due to the presence of residaul protein 
in the extracted and injected samples. Sample prepration and extraction sould be taken into account 
before performing HPSEC measurements. The extent of fragmentation in the large and small molecules 
did not show obvious the effects of feed water. Therefore, the different effects of moisture and sucrose 
indicated that these plasticizers acted differently in determining the fragmentation of starch molecules 
during extrusion processing. In addition, more detailed knowledge of macromolecular branching 
structure and degradation chemistry needs to be understood in explaining the degradation processes.  
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4. Conclusion 
The properties of extrudates depend on sucrose content in blend and feed water during 
extrusion. Increasing the sucrose and feed water contents decreased the SME input, die pressure, 
product diameter, expansion index, specific length, hence reduced starch degradation in the extruder. 
However, the bulk density increased as the sucrose content increased for samples extruded at 10% 
feed water, while no obvious difference was shown for samples extruded at 15% feed water, probably 
due to the proeminent effect of water amount during shearing. The SME, expansion ratio, viscosities 
of extrudates decreased with increasing sucrose content. Higher feed water contents decreased the 
melt viscosity, and then the expansion ratio of the extrudates, resulting in a higher density. HPSEC 
showed that both amylopectin and amylose macromolecules were fragmented during extrusion, 
resulting in reductions in the relative percentages of amylopectin. However, this technique did not 
show obvious effects of sucrose content on starch molecules when extruded at high feed water. Our 
results demonstrated that specific mechanical energy plays a critical role in the degradation of starch 
in wheat flour in a twin-screw extruder. It was also shown that sucrose content and feed water acted 
as plasticizers and impacted molecular size distribution of extrudates. This knowledge can help 
manufacturers to better control process conditions within an extruder to yield products with 
predictable and consistent characteristics.  
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Fig. 2.1 Effect of sucrose content and extrusion water on specific mechanical energy (SME) (a) and die 
pressure (b) during extrusion process for extruded samples. Symbols and lines represent experimental 
data and linear fitting, respectively. Samples extruded at 10% extrusion water (, solid line) and 15% 
extrusion water (, dash line). 
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Fig. 2.2 Effect of sucrose content and extrusion water on extrudate diameter (a), cross-sectional 
expansion index (b), and bulk density (c). Symbols and lines represent experimental data and linear 
fitting, respectively. Samples extruded at 10% extrusion water () and 15% extrusion water (). 
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Fig. 2.3 Photographs of extrudates with 0, 5, 10, 15 and 20% sucrose and processed at 10% (A,B,C,D, 
and E, respectively) and 15% extrusion water (a,b,c,d, and e, respectively).  
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Fig. 2.4 Effect of feed water and sucrose contents on the water absorption (WAI) and water solubility 
indices (WSI) for extruded products produced at 10% () and 15% () feed water. 
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Fig. 2.5 Rapid Visco Analyser pasting profiles of native wheat flour (bold black line), blend with 0% and 
10% sucrose before extrusion (thin black line and bold dashed black line) and extrudate with 10% 
sucrose content (clear grey line) processed at 10% extrusion water. Temperature profile (thin dashed 
line). 
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Fig. 2.6 Effect of sucrose content on the viscosity profile (RVA) of extrudates processed at 10% (a) and 
15(%) extrusion water content in feed. 0% sucrose (thin black line), 5% sucrose (thin clear grey line), 
10% sucrose (bold dark grey line), 15% sucrose (bold black line), 20% (bold clear grey line) and 
temperature profile (dashed line). 
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Fig. 2.7 Size exclusion chromatograms of extrudates containing 0, 5, 10, 15, and 20% sucrose content 
and processed at 10% (a) and 15% (b) water content. 
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Fig. 2.8 Effect of sucrose content on large and small molecular fractions determined using HPSEC for 
extrudates processed at 10% feed water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table. 2.1 Viscosities of raw flour, blends and extrudates. (data extracted from the RVA profile, Fig. 
5.5-5.6 .) 
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Sample Feed water 
content (%) 
Sucrose 
content (%) 
Viscosity at 25 °C 
for 110 min  
(cP) 
Viscosity after 
heating at 55 °C 
(cP) 
Viscosity after 
heating at 95 °C 
(cP) 
Raw flour - - 18 24 4572 
Blend - 0 19 27 7386 
Blend - 10 17 21 5578 
Extrudate 10 0 2328 b,c 2337 b 2275 a 
Extrudate 10 5 2094 b,c 2143 b 2090 a 
Extrudate 10 10 1639 d 1599 b,c 1745 a 
Extrudate 10 15 1162 d,e 1241c 1255 b 
Extrudate 10 20 851 e 913 c,d 1026 c 
Extrudate 15 0 4094 a 3789 a 1988 a 
Extrudate 15 5 2949 b,c 2861b 1844 a 
Extrudate 15 10 3299 b 2636 b 1729 a 
Extrudate 15 15 2492 b,c 2488 b 1690 a 
Extrudate 15 20 1920 b,c 2028 b 1530 a 
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Abstract  
Cereal based products with different sucrose content were processed using co-rotating twin screw extruder 
under the same processing settings but at different water content into extruder (extrusion water:10–15%) in 
order to obtain different macrostructure for the obtained solid foam. Neutron tomography was used to study 
these solid foams microstructure and its relationship to composition, and 3D image analysis showed a 
decrease in both pore size distribution median and porosity (% hole volume/total product volume) of solid 
foam with the addition of sucrose. The impact of sucrose content and relative humidity is not significant on 
pore size distribution and %porosity. An increase in the number of visible pores while median of pore size 
distribution are similar. The obtained results demonstrate the potential of neutron tomography for extracting 
structural information which can be used to aid understanding of physical change depending on storage 
conditions and its recipe for extruded products.  
 
Keywords: Solid foam, extrusion, Sucrose, Microstructure, Porosity, Neutron Tomography. 
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1. Introduction 
As the number of extruded products expands in the food industry, there is need for a better 
understanding of the changes occurring in these products during storage since they may lead to loss of 
quality. Typically, extruded products are studied using analytical methods, such as differential scanning 
calorimetry to determine the glass transition temperature (Tg), and sorption isotherm to measure the amount 
of water as a function of the storage relative humidity. However, analytical methods lack the ability to provide 
information about the structural organization and its potential changes after storage at different RH. To aid 
understanding the physicochemical properties as well as physical change behavior of foods, dedicated 
techniques for exploration the phenomena occurring at small scales or microstructure level are required. 
Imaging methods are not widely used on extruded starch products. The conventional imaging measurement 
of these types of materials include light microscopy in extruded black beans (Berrios et al,. 2004); polarized 
light microscopy for barley-based extrudates (Altan et al,. 2009) or for corn-based extrudates (Karkle et al,. 
2012); stereoscopic microscopy in rice, bean and corn starch extrudates (Jafari et al,. 2017), and electron 
microscopy in starch-guar gum extrudates (von Borries-Medrano et al,. 2016), and sorghum flour extrudates 
(Jafari et al,. 2017). However, these techniques are generally used to images cross-sections or surface 
structure of material and do not provide images according to hydrogen contrast as neutrons do. In addition, 
MRI imaging and X-ray tomography have been used to study structural change due to the change of moisture 
on maize starch extrudates (Castlejohn 2012). X-ray tomography has been applied by several authors to study 
the structure of dry food products such as bread, extrudate starches (Babin et al,. 2007, Pitts et al,. 2014, 
Pitts et al,. 2016), cornflakes (Chaunier et al,. 2007), extruded insect-rich snack (Azzollini et al,. 2018), 
extruded rice starch-pea protein snacks (Philipp et al,. 2017), fried potato chips (Alam and Takhar 2016, Yang 
et al,. 2017). These methods have demonstrated their usefulness, but each of them has its own set of 
limitations. X-ray interaction with matter occurs with the electrons in the atomic shells of materials. 
Therefore, the interaction probability is directly proportional to the number of electrons, namely the atomic 
number. Light elements (such as hydrogen) have little chance to absorb X-ray and are nearly invisible, 
whereas heavy elements absorb a lot and result in high transmission through thick layer of heavy metals 
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(Grünzweig et al,. 2013). They may differ with respect to their spatial and temporal resolution, their capability 
to detect water qualitatively (dynamic range, i.e. number of contrast levels) and quantitatively (absolute 
water content), their accessibility as well as their ease of use (Defraeye et al., 2012a). Neutron imaging 
method can be applied to overcome these limitations and provide a more complete picture of the structure 
of food materials. In addition, none of these imaging methods were used to observe the effects of 
composition (sucrose and water content) under storage at different relative humidities in extruded cereal-
based products. 
Neutron tomography is one of the nondestructive techniques that enable one to visualize and 
characterize the heterogeneity of internal structural architecture, porosity, cell wall thickness and cell 
diameter of food samples with a field of view around 10 to 10 cm at a resolution of 100 micrometers. Cellular 
solid foods samples such as bread, extruded snacks, biscuits and cakes can be processed. Neutron 
tomography is similar to corresponding x-ray technique but is most cases the mechanisms of neutron 
interaction with matter provide an image contrast that is complementary to that of x-rays. Neutrons only 
interact with the atomic nuclei of the tested material. Most of the relevant materials scatter neutrons at the 
nuclei (Grünzweig et al,. 2013). Most metals are transparent to neutrons, while a lighter element such as 
hydrogen is very sensitive to neutrons with high attenuation. More scattering than in X-ray imaging may be 
present, particularly with hydrogen. When both the water content and sample thickness are high, the 
scanned object may be opaque for neutrons. Still, in small samples presenting a water content gradient, 
neutron imaging can be readily applied with a better sensitivity for water than X-ray imaging or MRI (Bilheux 
et al,. 2009), which makes it excellent to look at the effects of moisture content changes, such as during 
drying or hygroscopic loading (Verboven et al,. 2018). Neutron have been applied to food in order to visualize 
and quantify water content changes in products such as fruit during hydration (Defraeye et al,. 2016, Aregawi 
et al,. 2013), dry fish during drying (Tanoi et al,. 2009) and meat during cooking (Scussat et al,. 2017, Scussat 
et al,. 2016).  
Although 2D image analysis is fast and relatively easy technique compared to 3D image analysis, 
image analysis of cereal solid foams needs third orthogonal dimension to produce high-quality 3D images 
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representing proper structure of air cells and thus likely to represent original size and shape of the cellular 
structure including cell size distribution, average cell wall thickness, average cell diameter and finally 
connectivity of cells through the quantitate analysis of projection data (Sozer et al,. 2011). The 
interconnected pores can be segmented by watershed algorithm in order to accurately evaluate the pore 
sizes and shapes (Plews Andrew et al,. 2009). This technique can be used to analyze samples with 
inhomogeneous porosity where pore size was based on volume fraction. The algorithm itself is an efficient 
tool to determine the open cell numbers and to obtain pore size distributions. Apparent pore size distribution 
can be obtained from 3D analysis, although it is challenging to get accurate information on pore connectivity; 
3D analyses give thorough characterization of the porous food structure, provided that they have sufficient 
density difference throughout the matrix.  
It is well known that the cellular structure of solid cereal foams such as bread, cake, extruded snacks 
and biscuits, has an effect on textural properties such as hardness, chewiness or crispness based on product 
category. Sensory quality of baked and extruded cereal foods are strongly dependent on the structural 
architectures such as air cell size, shape and their distribution within the food matrix; therefore, it is 
important to evaluate these structural parameters to aid product design and optimize processing conditions 
(Sozer et al,. 2011).  
Cooking extrusion delivers aerated texture, leading to the formation of a solid foam with specific 
structural characteristics (pore wall size and thickness, porosity, density) and mechanical properties (Azzollini 
et al,. 2018). These properties are driven by the degree of aeration and microstructure of the cellular 
structure. The expanded structures can be quantified by imaging technique such as microcomputer X-ray 
tomography combined with 3D image analysis which allows quantifying the porous structure through a 
variety of attributes such as e.g. porosity, cells size, walls thickness or number of cells. 
The sugar addition in the formulation for extrusion processing is also known to affect the processing 
conditions and final product quality. Sucrose addition induced an increase in the bulk density and a decrease 
in expansion and pore size of corn or wheat-based products (Moore et al,. 1990, Barrett et al,. 1995). 
Microstructure changes in the solid foam resulted in change of both the mechanical fracture properties and 
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sensory attributes of extrudates (Mezreb et al,. 2006). Fan et al,. (1996) found that the addition of sugar in 
maize grit blend formulation decreased SME (specific mechanical Energy in extruder), which resulted in a 
reduction starch conversion and promoted bubble rupture at lower extension. Similar result was 
demonstrated by (Pitts et al,. 2014) when reduction of sugar content in a wheat-corn blend formulation 
increased screw torque value, die pressure and specific mechanical energy (SME), which resulted in a higher 
expansion and more porous structure of product. In addition, Pitts et al,. (2016) found that replacing 5 % 
sugar with an equal quantity of fiber resulted in an increase in die pressure, torque and specific mechanical 
energy (SME), and consequently the expansion ratio increased. A further increase in fiber content to 10 % as 
sugar is 0 %, had a little effect on the extrusion processing parameter. The microstructure of extrudates 
examined by X-ray computed tomography shows that the porosity of the extrudates increased with 
increasing fiber content. However, conflicting results have also been report. Hsieh et al,. (1990) found that a 
0 to 4% addition of sugar in the feed decreased the die pressure, % torque and specific energy, while at 6 and 
8%, sugar increased the three processing parameters which enhanced extrudate radial and axial expansions, 
but reduced product bulk density and breaking strength.  
More insight of the microstructure and further understanding of its relation to water mobility which 
arises in a sample when it is exposed to an environment with a higher relative humidity is necessary to 
develop stable products. Crispness is one of the most features in term of consumer acceptation of dry porous 
cereal-based products (Esveld et al,. 2012). It is lost in storage due to a change in water content, change in 
water distribution or change in mobility of water (Dalen et al,. 2007). Therefore, it is likely that different 
concentrations of sucrose and storage relative humidities of extruded cereal-based products will change the 
expansion, microstructure and therefore, texture of product in this work. The effects of these factors are 
quantified and visualized through the 3D internal structure of foods using the imaging technique. 
Imaging techniques and tomography allow the observation of large sample structures at the scale of 
a few micrometers. Typical image studies of these types of materials include magnetic resonance imaging 
(MRI) and X-ray microtomography (CT). MRI allows the real time visualization of the effect of hydration in 
term of transportation/diffusion rate and spatial distribution of structural change (Dalen et al,. 2005). CT 
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on the other hand has allowed high resolution 3D visualization and characterization of non-hydrated material 
before and after certain duration of hydration, such as porous biscuits (Dalen et al,. 2007), fried potato disks 
(Alam and Takhar 2016), fried potato chips (Yang et al,. 2017), and extruded rice starch-pea protein snacks 
(Philipp et al,. 2017).  
We have previously studied the glass transition and textural properties of extrudates (Masavang et 
al,. 2019) and showed that there is heterogeneous water distribution into the matrix microstructure which 
is highlighted by the presence of two glass transition temperatures depending on their formulation and 
storage humidity. Another aim of this study is to gain more insight between the structural characteristics 
(porosity, pore size distribution) and water uptake arising in a sample  exposed to an environment with high 
relative humidity (75 % RH relative humidity). 
 
2. Experimental        
2.1 Preparation of the extruded samples 
Wheat flour, wheat starch and gluten of commercial grade was supplied by CHAMTOR (Les Sohettes, 
France); sucrose of commercial grade was bought in supermarket. The ingredient blends containing 0, 10, 
and 15% wt sucrose with wheat flour (53-73%, wt, wheat starch 16% wt, gluten 16% wt and salt 1% wt were 
conducted on a Clextral BC-45 intermeshing twin-screws extruder with a 1.5 m long barrel using 10 and 15% 
wt initial moisture contents for the blend. The barrel heating zones were at 80 °C, 130 °C and 160 °C (±2 °C), 
and a 6.0 mm circular die was fitted to the end of the barrel. The screw speed was 150 rpm. The solid feed 
rate was 34 and 36 kg/h, and water was added in order to obtain a final water content of 6 and 4 l/h, 
respectively. After removal of the die, samples were allowed to cool to ambient temperature on a conveyer 
belt and dried at 105 °C for 5 minutes to bring the final product to a moisture content of approximately at 3-
4%. The extruded ribbons were sealed in plastic bags under vacuum and stored at ambient temperature.  
2.2 Neutron tomography 
The experiments were performed at the Laboratoire Léon Brillouin (CEA Saclay- France). The neutron imaging 
station, Imagine (Ott et al,. 2015), is located in the neutron guide hall on a cold neutron guide. The guide 
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cross section is 25 mm × 50 mm. The available neutron spectrum extends from 3 Å to 20 Å. We used the 
classical configuration of the instrument (field of view 80 × 80mm2, pinhole source diameter of 20 mm, 
distance between the source pinhole to detector length of 4 m) resulting in 2 x 107 neutrons/s/cm2 flux on 
the sample. A multi-megapixel camera (model Neo 5.5 sCMOS, ANDOR), equipped with a detector (size of 
16.6 × 14.0 mm2, 2560 × 2160 pixels, so 5.5 Mpx sCMOS) was used. The size of one camera pixel is 6.5 × 6.5 
μm2, and to reduce noise, the camera was cooled down to −30 °C. Images were recorded in 16 bit in “*.fits” 
format. The camera is coupled with a 100 µm thickness lithium scintillator was used for data acquisition.  
For these experiments, an aluminum tube (diameter of 1 cm) was used as a sample holder to reduce neutron 
absorption. The sample holder was positioned 5 cm away from the scintillator on a rotating table allowing a 
rotating of the sample over 180°. 181 images were collected in increments of 1°. At each rotation, samples 
were exposed for 120 s to the neutron beam. For normalization, 10 images of flat-field were recorded before 
and after the sample imaging.  
2.3 Image processing 
The image processing was performed with a computer able to analyze 3D graphics. The computer was 
equipped with Intel i5-quad core microprocessor, 3.40 GHz; 32 GB ram; discrete GPU, NVIDIA GeForce 
GTX970; SSD memory. In the first step, every collected image was initially analyzed by ImageJ 1.48 (Abramoff 
et al,. 2004) to remove noise (“despeckle” command), and white points due to gamma rays (“remove 
outliers” command, radius of 2 pixels). The resulting images were saved as stacks of 16-bit tiff-format images. 
In the second step, this dataset was reconstructed by Octopus 8.7 software (Octopus Imaging, Inside Matters, 
Belgium) after image cropping, normalization with the flat-fields image by the electronic noise and open 
beam, filtering to remove rings due to scattering phenomena, and correction of the tilt angle of the rotation 
axis and building sinograms. The resulting volume datasets were exported as stacks of 32-bit tiff-format 
images, each of which represents a tomographic cross section of the sample at successive points along the 
vertical axis. In a third step, Avizo Fire 9.2 (FEI, Hillsboro, Oregon USA) software was used for image and 
porosity analysis.  
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2.4 Region of interest (ROI) 
A typical sample studied is presented in Fig. 3.1a with radial and axial reconstructed slices of the sample (Fig. 
3.1b and c, respectively). Bright pixels are associated with regions where the neutron adsorption is significant 
they correspond to hydrogen-rich sample areas i.e. the solid matrix of the sample. Grey zones correspond to 
pores. As a consequence of the flux of the drought in the die, the axial length of the pore appears greater 
than the radial dimension. The samples studied have a cylinder shape but vary in size (from 1 to 2 cm height 
and 1.5 to 0.8 cm width). The first parameter to handle is the definition of a common size for the region of 
interest (ROI). The ROI has been chosen as rectangular parallelepiped and as example, figure 3.1(a) shows 
the cumulative histogram of the 2D-projection recorded for sample without sucrose and produced at 10% 
feed water for three ROIs of 27 mm2 square base with distinct heights (2.6, 5.25, and 9.6 mm). Histograms 
count each grey level occurrence, and very comparable distributions were obtained for all the ROIs. In the 
following, all the image processings have been performed with the same ROI of 27 mm2 x 9.6 mm-height. 
 
2.5 Thresholding 
Image segmentation is a critical pre-processing step for differencing objects (e.g. porosity from the matrix). 
It is based on grey-scaled thresholding of the histograms.  All the studied samples present identical histogram 
similarities to those of Fig. 3.1(d): on the left, a sharp distribution corresponds to dark pixel resulting from no 
or little absorption of the neutron beam by the sample (they correspond to holes in the sample). On the right 
the broader distribution is associated with clear pixels corresponding to the solid matrix, where the neutron 
adsorption occurs. Histograms have a clear bimodal distribution with unfortunately a strong overlapping 
which is certainly one of the main limiting factors of the analyses. The valley gives a reasonable threshold 
value for the matrix/hole separation, but it may not be the optimum value (Wang and Ward 2007). To 
ascertain our choice of the threshold level, we systematically vary the threshold value and check the stability 
of the calculated parameters defining the porosity.  
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2.6 %Porosity 
Figure 3.2 details the steps of the porosity analysis: (1) ROI selection by cropping the stack of 2D images, 
excluding edges which may be affected by physical cutting of the sample and eliminating the difference due 
to size-fluctuations of the samples. (2) Binarization of the images: after an automatic brightness and contrast 
enhancement of the images, pixels corresponding to pores were selected by inputting threshold level (T).  All 
pixels with a grey level value below T were assigned a unity values associated with holes and all pixels above 
T were set to zero and are related with the solid matrix (pore walls). (3) A watershed segmentation (Beucher 
1991) was used to improve non-connected-holes identification. The software output a 3D-image showing 
colored pores (all connected pores have the same color) and produced a table reporting pores volumes. 
Porous properties, such as the number of pores, equivalent diameter, pore volume, and pore size distribution 
were analyzed using Origin Pro (Version 2017, OriginLab, Northamption, MA). Equivalent pore diameter (Deq) 
was calculated from the pore volume (V3D): 
𝐷𝑒𝑞 = √
6×𝑉3𝐷
𝜋
3
          Eq. 3.1 
Porosity (∅) is defined as: 
∅ =
𝑉𝑝𝑜𝑟𝑒
𝑉𝑡𝑜𝑡𝑎𝑙
          Eq. 3.2 
where, 𝑉𝑝𝑜𝑟𝑒 represents the total volume of pores, and 𝑉𝑡𝑜𝑡𝑎𝑙 represents the total volume of a sample.  
 
2.7 Expansion 
The cross-sectional expansion ratio (ER) was determined as the diameter of extrudates divided by 
the diameter of the die exit (6.0 mm). Each value was an average of 10 measurements measured just after 
extrusion.  
 
Results and discussion 
3.1 Effect of composition (sucrose and water content) on microstructure 
Fig. 3.3 shows typical 2D cross-section gray scale images obtained after 3D reconstruction of 
extrudates containing 0, 10 and 15% sucrose and stored at 11 and 75% relative humidity. Images showed 
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differences in internal structure. At the two relative humidities chosen for samples equilibration, the size of 
the pore and the diameter of the extrudate decreased as the sugar content increased. Sucrose adding had a 
more pronounced effect. Relatively big internal air voids were found in extrudate without sucrose, while 
extrudates containing 10 and 15% sucrose had smaller pores distributed more randomly though the sample. 
The microstructure of extrudates appeared denser as sucrose content increased, resulting in higher bulk 
density (data not shown). The cross-sectional expansion index (SEI) defined as the diameter of extrudates 
over the diameter of the die exit (6.0 mm). This parameters allowed to quantify this observation, whatever 
the sucrose content, the SEI was reduced by 25% when formulation sucrose content varied from 0 to 20% 
(Fig. 3.4). Similar observations have been reported: with a reduction in mean cell size in corn extrudates 
(Barrett et al,. 1995) and volumetric expansion in wheat flour extrudates (Ryu et al,. 1993) as sucrose content 
increased, resulting in a decrease in SEI. Moreover, a negative correlation between radial expansion of 
extrudates and moisture content were reported (Barrett and Ross 1990, Barrett et al,. 1995).  
As evidenced by the microstructure, 0% sucrose contained more pores than 10 and 15% sucrose, 
which was mainly due to the sucrose in their formulation. Similar results were reported by Mezreb et al,. 
(2006) in corn and wheat extrudates. They noticed that the internal structure of the extrudates evaluated by 
image analysis showed a reduction of the cell size with sucrose addition. In addition, regarding the 
relationships between porous structure of extruded starchy products and their mechanical properties, Babin 
et al,. (2007) showed that for the same relative density, lower mechanical resistance was obtained for 
products displaying a wide range of cell size and wall thickness. If relative density is key for mechanical 
resistance, the internal structure of porous extruded cereals has also an impact.  
The relationship between sucrose content, pore diameter, total porosity percentages, determined 
by imaging technique, was assessed. Quantitative analysis of 3D images of extruded samples showed that 
the cellular structure of extruded samples varied with average pore size of 0.04-2.52 mm. Generally, all 
samples consisted of several small pores and the pore size distribution was bimodal with pore sizes ranging 
between equivalent diameter range of 0.02 and 0.2 mm, while the bigger pores were between 0.2 and 1.0 
mm (Fig. 3.5). Similar behaviour was observed in supercritical fluid extrusion samples with practically a non-
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porous outside layer, the large of small cells towards the surface, a small number of large cells towards the 
center due to a free expansion of the bubbles, whereas the nuclei were restricted at surface by the die. 
Besides, nuclei located towards the center had more time to expand (Gueven and Hicsamaez 2013). The 
amount of the bigger pores mainly contributed to the porous structure, thus this work mainly focus on the 
second population of pore. Fig 3.6 shows the equivalent diameter distribution curves for extrudates at 0, 10 
and 15% sucrose and with equivalent diameter greater than 0.2 mm. All curves showed non-normal pore size 
distribution. The extrudates without sucrose were found to have the widest range of pore size distribution 
followed by 10% sucrose and 15% sucrose, which suggested that the pore size in the extrudates was relatively 
small in the presence of sugar. The percentage of pores was also highly dependent on sucrose content and 
density, with low density products having the highest count (Fig. 3.6). The pore size distribution of extrudate 
with 15% sucrose shifted towards smaller pore sizes and resulted in more ? uniform-size pores than extrudate 
without 10% sucrose. Barrett et al,. (1995) reported that in samples produced at 20% moisture content, 
sucrose progressively reduced cell size and increased density. In both batches, sucrose eventually inhibited 
the ability of the samples to expand and/or facilitated collapse of the structure, possibly by reducing melt 
viscosity and elasticity. Similar effects of sucrose on the structure of wheat flour extrudates have been 
reported by Ryu et al,. (1993). These authors observed that sucrose significantly reduced the volumetric 
expansion of extrudates at a 10% sucrose concentration level, while the extrudate bulk density and the 
number of cells per unit area increased with increasing sucrose. An increase in the number of cells per unit 
area, accompanied by a decrease in the sectional expansion index, correlated well with our observation of a 
reduction in cell size as the sucrose content increased.  
Figure 3.8 shows 3D tomography of extrudates containing 0, 10 and 15% sucrose, equilibrated at 11 
and 75% RH. Previous observation of pore size evolution were confirmed, (as sucrose and water content 
increased, the pore size decreased), but the tomography further highlighted a concomitant increase of the 
matrix thickness (the width of the pore walls) but porosity is the ratio of pure volume to apparent volume of 
the porous medium. Changes in porosity and the cellular structure of extrudates during storage are believed 
to influence on product stability and thus the product quality. The % porosity for extrudates were in range of 
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46.0-48.7%. There was no visible difference in the % porosity of extrudates containing different sucrose 
content. In this work, the image anlysis was done by the same manner in order to compare the effect of 
product formulation. We expected to detect the different % porosity, as we observed an obvious bubble in 
the 2D-image of extrudates without sucrose (Fig. 3.3). The reason we failed to calculate % porosity might 
come from the way of image analysis such as thresholding by AvizoFire softwear. Moreover, the large range 
of pore sizes resulted in large variations for quantitative results. Images of 2D slices of extrudates showed 
that the pores are elongated in the longitudinal direction, whereas they are spherical in the radial direction 
(Cho and Rizvi 2010). It probably occured due to the orientation of the shear field as the screw pushed the 
material through the barrel towards the die and out of die to ambient resulting in elastic recovery (Moraru 
and Kokini 2003). These pores cloud effect on the quantitative results due to only pores in range of 0.2-0.7 
mm were used for % porosity calculation, resulting in the  difference in % porosity depending on sucrose 
content. The accuracy of the image analysis depended on image resolution, brightness/ contrast, and type of 
segmentation approach followed (Guarino et al,. 2010). The image acquisition and the proper thresholding 
also might be considered. In generally, low porosity of the extrudates containing high sucrose content 
indicated that starch granules were more distrupted and tended to expand less compared to extrudate 
without sucrose (Pitts et al,. 2014, Pitts et al,. 2016). A good correlation was found between macro- and 
microstructral properties, where positive correlation was found between expansion and porosity. Bulk 
density was negatively correlated. This correlation indicates that the increase in expansion gave increased 
porosity and decreased bulk density and is in agreement with previous work reported by Singkhornart et al,. 
(2014), Robin et al,. (2012) and Alam et al,. (2013) . At this point, it is difficult to state any significant trend of 
% porosity due to the lack quality of the data quantitative analysis. However, it is clear that the extrusion at 
various sucrose content could cause the variation of porosity.  
3.2 Impact of storage at different relative humidities 
The shelf life of low moisture food depends on  water content, water migration, and moisture uptake during 
storage. The major external parameters affecting the rate of water diffusion are the relative humidity of 
storage (Guillard et al,. 2003a, Guillard et al,. 2003b, Guillard et al,. 2004, Roca et al,. 2007, Bourlieu et al,. 
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2008). In this work, the moisture was transported into extrudates by diffusion through the vapor phase and 
the local diffusive penetration in the solid will be taken into account. The product was not in direct contact 
with water. The distribution of the pores of extrudates containing 0% and 15% sucrose and stored at 11% 
and 75% were plotted in in semi-log scale as shown in Fig. 3.7. There was no obvious difference in the 
distribution of the pores for all samples at both 11% and 75% RH. On the other hand, Yang et al,. (2017) 
showed that a higher percentage of porosity was followed by higher moisture content in the potato chips. 
Porosity in particular influences the water diffusion rate. We hypothesize that moisture redistribution 
throughout the porous structure relocated the water contributing to the change in microstructure during 
storage. Mechanical property (such as hardness, rigidity) of extrudate is also related to moisture 
redistribution from outside to inside. Thus, controlling the moisture migration from outside to inside matrix 
can slow the physical change. 
 Extrudates did not show significant difference in % porosity upon storage relative humidity. As 
discussed above, the image analysis plays an important role on quantitative data. Neutron imaging technique 
allowed to investigate extruded cereal-based products for the first time  to study their microstructure. This 
technique showed the potential to apply in low-moisture food and suggested new insight: considering the 
parameters during performing and image processing could contribute to a better quantitative data. The 
changes observed in the pores showed some basic structural changes occuring during storage that would be 
unobservable using other methods. DSC and mechanical properties suggested that physical changes occurred 
even below the glass transition, the changes in pore characteristics also confirmed that some physical aging 
mechanism was at work during storage. There is a possibility that the changes observed in pore network 
were due to moisture migration instituing minute textural changes via swelling or plasticization. Generally, 
these findings could provide some guidance in improving product design, process optimization, texture, and 
shelf life of extruded products. 
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4. Conclusion 
In conclusion, this study has shown the use of a combined neutron microtomography technique and 
3D image analyses to illustrate the effect of microstructural properties on extruded products. A correlation 
between the SEI, median of pore size, and percentage of porosity was found. The pore size and pore size 
distributions together with different sucrose content provided detailed information on the porous structure 
of the extruded samples. The microstructure of extrudate affected its physical properties and, subsequently, 
its behavior in its surrounding environment. 2D neutron cross-section images displayed a highly porous 
microstructure in extrudate with sucrose and appeared to have thinner walls and larger pores than the other. 
However, the impact of sucrose content and relative humidity on pore distribution and %Porosity were not 
significant due to the lack quality image analysis. For a better understanding and control of water migration 
in extruded products, futher experiments need to probe the water distribution changes in porous structure 
during storage by quantitative neutron imaging. Neutron imaging allowed to investigate microstructure for 
a first time in extrudate and showed potential to apply in low-moisture food but to the improve the quality 
of quantitative results the image processing and image analysis could be considered. 3D image analyses of 
high-quality processed images can also be used in the food industry as a reliable and accurate control of 
heterogeneous food structure, which can be further used to understand the relationship between physico-
chemical properties of porous solid foods and food morphology. 
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Fig. 3.1 (a) photos of extrudates with an illustration of ROI; (b) grey image of a reconstructed radial slice) (c) 
grey image of a reconstructed axial slice (d) histogram of a sample with different ROI. 
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Fig. 1 Image processing steps of neutron imaging data of extrudate with 
10% sucrose. (A) 3D rendering structure by Avizo. (B) Grayscale image 
orthoslice. (C) Select threshold for material to be inspected by manual 
threshold. (D) Select an initial threshold for detection of pores and solid 
by manual threshold. (E) Pores labeling (connected set of pores are 
labeled with same color). (F) 3D rendering of pores.
 
 
Fig. 3.2 Image processing steps of extrudate with 10% sucrose. (A) 3D rendering structure produced by Avizo. 
(B) extracted slice (2D-grayscale ima e) of A . (C) pore segme tation of the image (red) ,(D) matrix 
sehmentation (green), (E) Pores labeling (connected set of pores are labeled with same color). (F) 
reconstructed 3D-lab lled tomography. 
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Fig. 3.3 2D horizontal cross-sections through 3D neutron tomography images for extrudate containing 
sucrose 0, 10 and 15% sucrose, processing with 10 and 15% feed water and storing at 11 and 75% RH. 
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Fig. 3.4 The effect of sucrose content and extrusion water on SEI of extrudates contained various sucrose 
content and produced at 10% feed water. 
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Fig. 3.5 Histogram showing the percentage of pores in a certain location of matrix of extrudates contain 0, 
10 and 15% sucrose with dimension 5.26 x 5.26 x 9.6 mm3 voxel for sample stored at 11% RH. 
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Fig. 3.6 Comparison pore distribution generated from the microstructure created in AvizoFire for extrudate 
with different sucrose content and stored at 11% RH. 
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Fig. 3.7 Comparison pore distribution generated from the microstructure created in AvizoFire for 
extrudates contained 0% (a) and 15% (b) sucrose and stored at 11% and 75% RH. 
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Fig. 3.8 3D visualization with labelled image of pores for extrudate contained sucrose 0, 10 and 15% sucrose, 
produced at 10% feed water and stored at 11 and 75% RH. 
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Abstract  
 
The effect of sucrose content (0–10%), extrusion water (10–15%) and physical aging on the water uptake 
ability of expanded cereal-based extrudates were studied using co-rotating twin screw extruder under the 
same processing settings. The sorption isotherms obtained using dynamic vapor sorption instrument were 
applied with BET, GAB, Peleg and Freundlich model. Peleg’s model gave the best fitting. GAB monolayer 
values showed different trends depending upon modelling range. Hysteresis decreased in magnitude with 
increasing sucrose and physical aging caused by water sorption history affected hysteresis. Apparent kinetics 
of water diffusion showed two different sorption sites, the first kinetic was almost constant and could be 
adsorption phenomena at the surface. The second one reflected first an initial slowing in dynamics whereas 
a sharp increase was found at higher water content. This behavior may be related to structure collapse. 
Sucrose, physical aging and sorption history could induce physical changes and impact water sorption 
behaviors. 
 
Keywords: Extruded cereal-based products, Sugars, Sorption isotherm, Water uptake, Physical aging. 
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1. Introduction 
Most of extruded cereal-based snack foods have a characteristic, porous, crispy texture. Their sugar 
content influences their taste and texture, but they are being disregarded due to the contribution of their 
high sugar content to a high glycemic index (Aston et al,. 2008). Sugar reduction in extruded products is one 
of the important goals for food manufacturers to produce healthier foods. Exposure of such food materials 
to high relative humidity (RH) often results in a detrimental increase in water content (Roos et al,. 1998) and 
change of texture. Katz and Labuza (1981) showed that many snack foods lost their crispness due to the 
plasticization by water of materials stored at a RH higher than a material-dependent critical value. The 
moisture sorption isotherm can be used to study storage stability and predict the possible changes that 
might affect the stability and quality of dried food. Breakfast cereals contain a variety of ingredients. The 
heterogeneity of such complex matrix can make sorption isotherm study of breakfast cereals challenging. 
There are two main factors influencing the amount and rate of moisture sorption: water activity equilibrium 
( i.e thermodynamics) and factors affecting the apparent diffusion rate of water (i.e. dynamics of mass 
transfer) (Labuza and Hyman 1998). A number of models have been suggested to describe moisture sorption 
isotherms (Guillard et al,. (2003) including kinetic models based on multilayer (BET and GAB models), semi-
empirical (Ferro-Fontan, Henderson and Halsey models) and empirical models (Peleg, Smith and Oswin 
models). The GAB model is considered to be the most versatile sorption model available in the literature. 
Roca et al,. (2008) described a model of moisture transfer in a composite food consisting of a sponge cake 
in contact with a fresh wet filling using a mathematical model based on Fick’s 2nd law. These models have 
also been extended to predict moisture content variations during fruits and grains drying (Mercier et al,. 
2014, Li et al,. 2016), or soaking (Machado et al,. 1998, Sacchetti et al,. 2003, Sacchetti et al,. 2005). 
However little published information exists in the literature regarding the kinetics of the sorption 
process for breakfast cereal as both a function of sucrose content and storage. Among these rare studies, 
Risbo (2003) developed a model to predict moisture transfer in breakfast cereal-resin system. Esveld et al,. 
(2012) discussed and simulated dynamics of moisture sorption into crackers with a pore scale network 
model. The application of predictive models to assess moisture transfer in a wide range of food products are 
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indeed valuable data for the food industry and help meeting the challenges associated with marketing 
innovative, long shelf life and nutritionally acceptable products.  
The extrusion-cooking process of native starch destroys the crystallinity of the amylopectin 
component, leading to a mostly amorphous extrudate with relatively limited moisture, thus consumed in 
the glassy state. Dual glass transitions have been observed on differential scanning calorimetry (DSC) 
thermograms for extruded cereal-based products suggesting that the amorphous regions are heterogeneous 
(Masavang et al,. 2019). Such glassy, out of thermodynamical equilibrium, materials are known to possibly 
exhibit a structural relaxation over time to approach their thermodynamical equilibrium. Certain 
macroscopic properties such as density, mechanical properties, and vapor permeability, are accompanied 
by a time-dependent relaxation in amorphous glassy polymeric materials, including foods (Anzai et al,. 2011). 
Until now the relationship between storage in the glassy state (i.e. physical aging) and water sorption 
behavior has rarely been discussed (Kim et al. 2001) in detail. Among the few existing references on the 
matter, Kim et al,. (2001) indicated that the water sorption ability of glassy starch decreased simultaneously 
with the enthalpy relaxation associated with physical aging. 
In addition to control the sorption properties of foods, it is also necessary to control the threshold 
temperature and humidity conditions to prevent a glass transition upon storage of powder products 
(Bhandari and Hartel 2005). The water activity value at which Tg becomes lower than room temperature has 
been identified as the critical relative humidity (RHc) (Roos 2002, Sablani et al,. 2007, Sillick and Gregson 
2010). Several studies have demonstrated that the RHc value determined using automatic water vapor 
sorption instruments, could be used to identify the glassy to rubbery transition, in agreement with the DSC 
method (Burnett et al,. 2004, Li and Schmidt 2011). The high data resolution resulting from dynamic water 
sorption methods makes it possible to observe distinct inflection points in the curve representing the 
changes in sorption properties accompanying the glass transition (Carter and Schmidt 2012). Yuan et al,. 
(2010) and Yuan et al,. (2011) investigated the relationship between polydextrose Tgs values as a function of 
% RH, using thermal methods DSC and modulated differential scanning calorimetry (MDSC), and the RHc 
values of polydextrose as a function of temperature (15–40 °C), using dynamic dewpoint isotherms (DDI). At 
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25 °C, the RHc value was 49.7% RH, whereas the RH value associated with the MDSC midpoint Tg equal to 
25°C was 44.6%. The authors attributed the differences between the two data sets to the time dependency 
of the DDI obtained RHc values. Li and Schmidt (2011) applied two instrumental (DVS ramping and 
equilibrium) methods and the traditional salt slurry method to determine the RHc values for amorphous 
polydextrose. The RHc determined from the DVS equilibrium method was closer to the calculated DSC Tg 
onset RHc value than the RHc determined with the ramping method. 
Although many studies have been conducted on physical aging of starch, few studies have been 
done on composite food. The relationship between physical aging and water sorption behavior of extruded 
products has not been studied in detail. In the present study, the effect of sucrose content on water uptake 
ability and that of physical aging (through storage in the glassy state) on water sorption has been investigated 
to control the physical changes induced by aging during ambient storage conditions. 
 
2. Experimental        
2.1 Sample composition and extrusion  
Wheat flour, wheat starch, gluten and sucrose commercial grade were supplied by ADM CHAMTOR (Les 
Sohettes, France). The extrusion of the ingredient blends containing 0, 5, 10, 15 and 20% wt sucrose with 
wheat flour 53-73% wt, wheat starch 16% wt, gluten 16% wt and sodium chloride 1% wt was carried out in 
a Clextral BC-45 intermeshing twin-screws extruder with a 1.5 m long barrel using 10% wt initial moisture 
content (dry basis). The barrel heating zones were at 80 °C, 130 °C and 160 °C (±2 °C). A 6.0 mm circular die 
was fitted to the end of the barrel and used to produce the cylinder-shaped extrudates. The screw speed 
was 150 rpm. Feed rates were controlled: the solid feed at 36 kg/hr and water input of 4 L/hr, giving a water 
content of 19.5-24.5% wb of molten material in barrel depending on blend formulation and ~10% wb in the 
final extruded samples. After extrusion, samples were oven dried during 5 min at 150 °C and they were 
hermetically sealed in bag after cooling, and further kept at ambient temperature.  
 
2.2 Moisture Sorption Isotherm–DVS Method 
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Samples (15±1 mg) stored over phosphorus oxide (P2O5) for 7 days were loaded onto pans and 
placed and sealed into the DVS sample chamber (Dynamic Vapor Sorption DVS-2000, Surface Measurement 
Systems, London, U.K.). The sample was placed in the DVS at 30 °C, aw = 0.01 for 240 min with a dry nitrogen 
gas flow (100cm3/min) to complete desiccation of the sample.  The sample was then exposed at 25 °C to 
increasing relative humidity from 0% RH to 90% RH and then back down to 0% RH for adsorption and 
desorption processes following 10% increments, respectively. The relative mass change as function of time 
(dm/dt) criterion was set at 0.002%/min for 5 consecutive min and the maximum time at each %RH was set 
at 1500 min. Once the mass change was below 0.002%/min, the RH was set to the next programmed 
humidity stage. The balance was calibrated at 25 °C with a 100 mg weight.  
 
2.3 Modeling methodology 
2.3.1 Determination of water content of sorption kinetics (𝑦0) 
 The analysis of sorption kinetics was performed using a two exponential kinetics model (Eq. 4.1). 
Kinetics curves of each sample were obtained by plotting mass gain (%) or mass loss (%) against time. For 
the evaluation of the sorption kinetics each humidity level was treated separately. The time record and 
related weight change were transformed by setting the initial time, 𝑡0 = 0 and the sample mass change, 
𝑦0 at time zero considering t0 as the point where an RH step change occurred. Non-Linear curve fitting was 
fitted to the adsorption and desorption data curves of the extruded products using OriginPro2017 software 
(Origin Lab. Corporation USA). 
𝑦 = 𝑦0 + 𝐴1. exp (−
𝑥−𝑥0
𝑡1
) + 𝐴2. exp (−
𝑥−𝑥0
𝑡2
)       Eq. 4.1 
where 𝑦 is the moisture content at infinite time of sample exposure at a constant RH and 𝑦0 is the moisture 
content of the sample at time zero. The sorption kinetics curve is composed of two exponential terms 
representing fast and slow processes with characteristic times 𝑡1 and 𝑡2 respectively. 𝐴1 and 𝐴2 are 
constants. Extensive statistical procedures are available to test the results.  
2.3.2 Modelling sorption isotherm 
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The data obtained corresponding to aw and water content were adjusted to BET (Eq.2) (Brunauer et al,. 
1938), GAB (Eq.3) (van den Berg 1985), Peleg (Eq.4) (Peleg 1993), and Freundlich (Eq.5) (Freundlich 1906) 
equations in order to determine the best fit for our extrudate samples. The model parameter estimations 
were carried out using the SOLVER module from Excel software (Microsoft Excel 2010). 
The equations can be expressed as Equations 4.2-5: 
𝑦0 =
𝑚0𝐶𝑎𝑤
(1−𝑎𝑤)(1−𝑎𝑤+𝐶∙𝑎𝑤)
        Eq. 4.2 
𝑦0 =
𝑚0𝐶𝑘𝑎𝑤
(1−𝑘∙𝑎𝑤)(1−𝑘∙𝑎𝑤+𝐶∙𝑘∙𝑎𝑤)
        Eq. 4.3 
𝑦0 = 𝑘1𝑎𝑤1
𝑛 + 𝑘1𝑎𝑤2
𝑛          Eq. 4.4 
𝑦0 = 𝑘𝐹𝑎𝑤
1 𝑛⁄           Eq. 4.5 
The 𝑦0 and aw are equilibrium moisture content and water activity, respectively. The other symbols are the 
model constants. 
Fermi’s equation (Eq. 4.6) was used to describe the changes in kinetics of water transfer with the 
environmental relative humidity at a constant temperature. 
𝑡𝑖 =
(𝑡0−𝑡𝑟+𝑘)
{1+𝑒𝑥𝑝[
(𝑎𝑤−𝑎𝑤𝑐)
𝑏
]}
+ 𝑡𝑟         Eq. 4.6 
Where 𝑡𝑖 is the time constant of apparent water diffusion dependent on water activity; 𝑡𝑜 is the value of the 
time constant at aw ~ 0; 𝑡𝑟 is the residual magnitude of the property after the transition; aw is the water 
activity; awc is the critical water activity where 𝑡𝑖 = 𝑡𝑜/2 (and where a drastic change in time constant takes 
place); 𝑘 is a constant corresponding to the slope of the increasing region before the peak and 𝑏 a constant 
describing the slope of transition of the analyzed variable (Arimi et al,. 2010). 
To evaluate the goodness of the fit by each equation of the experimentally determined isotherms, the mean 
absolute percentage error modules (p) was calculated using the following equation: 
𝑝 % =
100
𝑁
∑
𝑚𝑖−𝑚𝑝𝑖
𝑚𝑖
𝑁
𝑖=1         Eq. 4.7 
where 𝑁 is the number of experimental data; 𝑚𝑖 are experimental values and 𝑚𝑝𝑖 are predicted values. It is 
generally assumed that a good fit is obtained when 𝑝 < 10%.  
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2.4 X-ray diffraction (XRD).  
The extrudate powders were kept in sealed containers containing saturated solutions of lithium chloride and 
potassium chloride, which produced relative humidities of 11% and 84% respectively at 25 °C. Before 
analysis, the samples were all equilibrated to specific water activities for at least 2 weeks. Vacuum was used 
to accelerate equilibrium. The crystalline structure of powdered extrudates was studied with a X-Rays 
Diffractometer (Siemens D5000, Germany). The X-ray generator supplied CuKα radiation at 0.154 nm 
wavelength ( = 1.5406 °A) and an INEL CPS 120 curved detector. X-ray patterns were recorded in the 2 
range 5–100° at an angular interval of 0.5°min-1. 
 
3. Results and discussion 
3.1 Water sorption isotherms 
The water sorption and desorption of extruded sample at 10% sucrose content are shown in Fig 4.1. 
Figures 4.1b-c illustrates the sorption and desorption of the same sample in the range 50-60 % RH. The 
sorption kinetics for each humidity step were described with a two exponential equation (Eq. 4.1) and 
estimated equilibrium moisture values (𝑦0) were obtained. The results of the model suggested the existence 
of two distinct sorption processes with different accessibilities for water vapor, according to the different 
characteristic times. BET, GAB, Peleg, and Freundlich models were applied to fit sorption isotherm data (Eq. 
4.2-4) and the sorption description by these models (Table 4.1) showed different fit goodness 
The most successful four parameter model is the Peleg model because of its number of parameters 
to adjust. The highest p values (40.08%) were observed for Freundlich equation for all types of extrudates 
studied indicating a poor fitting.  
 Equilibrium moisture content (EMC) increased slowly in the aw range (0 to 0.6), followed by a steep 
rise at aw 0.7 for both extrudates produced at 10 and 15% extrusion water (Fig. 4.2a,b). At low water 
activities, the physical state of sugars may have an effect on the sorption properties. Amorphous sugars are 
known to adsorb more water than crystalline materials (Chinachoti and Steinberg 1986a). At higher aw (> 
0.7), an exudation (leaching of sugars) was observed.  
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Survey of literature has shown that the GAB and Peleg models could give very reliable approximation 
of the full range of water vapor sorption data for many raw and processed food materials (Shittu et al,. 2015). 
The GAB constants Mo, C and K were computed from linear regression of water content versus aw. In the 
case of BET, the data was modelled up to a relative humidity of 50%, as suggested by literature. The GAB 
model was fitted either to the whole data range (0-90% RH) or up to 50% RH only. The value of the monolayer 
moisture content (m0) is of particular interest since it indicates the amount of water strongly adsorbed to 
specific sites at substrate surface and is considered as the optimal value to ensure stability of material (Rao 
2015). Below m0, rate of deteriorative changes is kept minimum. The m0 values of extrudates produced at 
10 and 15% extrusion water at various sucrose content estimated by GAB and BET are shown in Fig 4.3. For 
the GAB monolayer modelled up to 90% RH, m0 appears to increase when the sucrose content is increase 
but in opposite, with the same GAB model, if RH is considered below 50% only for fitting, m0 appears to 
decrease with the amount of sucrose (Table 4.2). It seems that at low RH, sucrose decreased the availability 
of active sorption sites for water on biopolymers, hence reducing the surface area available for water 
molecules. The fitted values for m0 is consistent with the shape of isotherm curves (Fig. 4.2): showing a lower 
water content at equilibrium with an increase of sucrose content for low RH, but also a reverse effect for 
high RH. In fact, the water vapor adsorption isotherms had the shape of Brunauer’s type II isotherm 
characteristic for products with a high sugar content. At low water activities (below ~ 0.6), the amount of 
adsorbed water increased gradually. This reflected water sorption by the starch-based components of 
extrudate made from composite flour mixture. At water activities exceeding 0.6, there is a steep rise in the 
isotherm due to water is in the free state and condensed into the pores of the material, gaps and capillaries 
(Rakshit et al,. 2014). However, the sugar component in the extrudate influenced the sorption behavior, 
increasing the equilibrium water uptake at RH higher than 60%. (Panjagari et al,. 2015). This step suggests 
changes in the product quality, when the soluble materials of the products began to dissolve in the 
condensed water (Chetana et al,. 2005). A crossover point between the various sucrose of isotherm was 
clearly observed at a water activity of 0.60-0.75. The isotherm crossover behavior in presence of  plasticizers 
(glycerol and sugar) or temperature has been widely observed in -carbohydrate rich foods such as dried 
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fruits, barley malt, bovine gelatin films, cold water fish gelatin films, soy protein-sugar systems and rice and 
waxy maize extrudate (Tsami et al,. 1990, Enrione et al,. 2007b, Díaz et al,. 2011, Hazaveh et al,. 2015). 
Labuza (1984) and Gogus et al,. (1998) suggested that the crossing of isotherms could be caused by the 
dissolution of sugars or crystalline substances. As sucrose content increased, the dissolution of sugars could 
increase and result in a greater amount of water sorption by the extrudates. In agreement with Laaksonen 
and Labuza (2001). Kilburn et al,. (2005) stated that the higher water sorption resulted from an increased 
hydrogen bonding as the structure of the material became more flexible. As a consequence, amorphous 
sucrose in sample may recrystallize above all for the highest sucrose contents (20%) if exposures at high 
relative humidity. Similar results have been obtained for various dry foods: for example in dry biscuits 
(Bourlieu et al,. 2008), and in various cookies and corn snacks (Palou et al,. 1997). According to Falade and 
Aworh (2004), at low 𝑎𝑤 it is possible to have a local dissolution of vitreous sugar, a swelling of proteins and 
appearance of new active sites. In the intermediate 𝑎𝑤 range, sorption take place at less active sites and, 
from this point of view, amorphous sugars are known to adsorb more water than the crystalline materials 
(Chinachoti and Steinberg 1986b).These authors reported this behavior and attributed the crossover point 
to the endothermic dissolution of sugars at high water activity. Enrione et al,. (2007b) suggested the OH 
groups of plasticizer and biopolymer acting as an adsorbent at low RH may explain these results. At low 
vapor pressure hydrogen bonding is the main force involved in the adsorption mechanism, suggesting the 
predominance of plasticizer over water. Inversion behavior was detected for RH > 70%, where sucrose 
facilitated water sorption. 
The sorption isotherm curves of products at sucrose content lower than 20%, produced at 15 % feed 
water during extrusion showed equilibrium moisture for each RH that is not significantly different than for 
sample produced at 10 % water processing (Fig 4.4). This result indicated that the macroscopic structure of 
the samples may be really different in porosity but because they have the same solid composition, they show 
the same sorption/desorption isotherm at equilibrium. For sample at 20% sucrose and processed with 15% 
feed water, the observed behavior is probably due to a partially sucrose crystallisation during the cooling 
just after extrusion. 
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At a certain RH (RHc), water sorption lowered the glass transition temperature (Tg) of extrudate to 
the experimental temperature of isotherm determination. It is known that glass corresponds to an out of 
equilibrium physical state, but the rubber material above Tg is in equilibrium. From one glass, we may have 
one rubbery material, but from one rubber, you may several glassy materials depending on the cooling or 
dehydration kinetic. The points where sorption and desorption curves merged were called the “merging 
point” in this study (Fig. 4.4), and above this specific point, sorption/desorption curves gave the same values 
for equilibrium water content for a given RH. Below, the merging point, the water amount may differ as 
function of RH if sorption or desorption is considered. This merging point can be considered as the RHc, the 
relative humidity that give a glass transition at temperature equal to the sorption/desorption temperature. 
The effect of sample history on the sorption isotherm of extrudates with 10% sucrose was 
investigated (Fig 4.5) through the application of multiple sorption/desorption cycles. The second sorption 
curve exhibited a lower magnitude hysteresis than the first sorption. Interestingly there are differences in 
sorption curves recorded upon the 2 identical step cycles (0-90-0% RH) while the desorption curves followed 
nearly the same path (Fig 4.6b). Ramping cycles seemed to have less effect on sorption curves. This behavior 
remains yet to be understood; but it could be associated with an aging process occurring during the steps 
below RHc (so below Tg). This highlights the effect of sample history upon its sorption properties. 
 
3.2 Critical relative humidity RHc and water content (Wc) 
RHc values can be used to detect the glassy to rubbery transition by a ramping method developing 
by Burnett et al,. (2004). Dynamic vapor sorption (DVS) instrument was used to identify the RHc value 
inducing the glass transition at a specified temperature. The RHc value that induced the glass transition at 
the experimental temperature was measured at the linear extrapolated intersection between surface 
adsorption of water vapor and absorption of water vapor into the bulk structure. Sorption isotherms often 
exhibit a critical turning point where the isotherm curve deviates from the initial flat region and begins to 
take up more water, when water uptake changes from surface adsorption to bulk absorption (Burnett et al,. 
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2004). Traditionally, the turning point/inflexion point is determined by fitting two straight lines before and 
after the critical points and determining their intersection point. 
Fig. 4.7a displays the result for sorption experiments run at 2, 6 and 10% RH/h ramping rate for 
extrudate with 10% sucrose and Fig 4.7b for 0% sucrose sample. The net change in mass is plotted versus 
the sample RH(%) to highlight the effects of changing ramping rates. All features remain stable over the 
entire range of ramping rates and change in mass increased with decreasing ramping rate. The glass 
transition relative humidity (RHg) was measured at the slope change in the curve (denoted by intersection 
of dashed lines in Fig.6b). However, RHc was not easy to determine due to the multiple intersection points 
that could be chosen. To try to be more precise, first derivative of sorption isotherm was used to measure 
RHc after a smoothing of the data using OriginPro 2017 software (Origin Lab. Corporation USA) (Fig 4.7c). 
The large change in slope was observed around 30% RH and >75% RH and the result was not clear to identify 
RHc for extruded samples.  
Several authors have coupled sorption isotherms data with those of glass transition temperatures, 
in order to obtain the critical condition for food storage (Karel et al,. 1994, Roos 1995, Ostrowska-Ligęza et 
al,. 2014). Our previous study showed two transition events in DSC thermograms assigned to a low glass 
transition temperature (Tgl) and a high glass transition temperature (Tgh). Both Tgl and Tgh were used to 
establish this stability map as shown in Fig. 4.8. First, WTg the critical water content was noticed for Tgl = 25°C 
and were compared with value Wisot at merging points of sorption/desorption isotherms measured at 25 °C 
(Fig. 4.8). A good agreement was found between the two ways to measure Wc the critical water content 
when Tgl is considered (Fig. 4.9). So with product showing heterogeneous phase characterized with the 
presence of several glass transitions, the lowest transition will the one which manage stability in the sample 
and may contribute to a better homogeneity. 
3.3 Kinetic of water migration 
The water sorption behavior of extrudate is complicated due to the complex internal geometry of porous 
structure. Van Nieuwenhuijzen et al,. (2010) have demonstrated that the water vapor sorption behavior of 
dry solid food products such as crispy rolls can be described using an exponential model. In this work, two 
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exponential models have been used for fitting the experimental mass change curves at each sorption level. 
It revealed two distinct mechanisms with slow and fast characteristics in the moisture uptake behavior (Fig. 
4.10) with respectively a low (t1) and high kinetic time constant (t2). This could reflect amorphous regions 
with distinct sorption behaviors. Previous DSC studies (Masavang et al,. 2019) suggested the presence of 
multiple amorphous phases characterized by two glass transition temperatures. Figure 4.10 showed the 
kinetic time constant for the slow sorption process (t2) as a function of moisture content, which reflect water 
migration into the material. These t2 values for samples without sucrose were almost constant and 
independent from the humidity level, while extrudates with more than 10% sucrose exhibited a maximum 
in range of 0.3-0.6 aw (Fig. 4.10). During primary stage, hydration of macromolecules was simultaneous with 
the saturation of pores with water, starting with the external surfaces, which were first in contact the water 
(Lucas et al,. 2007). The higher time constant for water uptake was observed into high sugar extrudates and 
it may be attributed to the interactions between biopolymers and sucrose molecule that reduced the kinetic 
of water migration. Fermi equation was applied to t2 data (Fig. 4.10). In fact, t2 were substantially increased 
at low water activity, then followed by a progressive increase of sorption rate when the product goes 
through its glass transition. It is most likely due to a progressive water plasticization of the structures. 
Hydration of macromolecules can be accompanied by swelling, which in turn the porous structure could also 
increase. This volume increase was slow with an average increase in length or diameter (Lucas et al,. 2007). 
The results can be noted that the surface adsorption of water is much smaller than the absorption of water 
by the bulk of material. 
 Bourlieu et al,. (2008) observed an increase of moisture effective diffusivity in biscuit starting at 20%, 
value at which dissolution of sugar could occur, and a decrease at higher moisture content which can be 
linked to both the closure of porosity starting above 0.75 aw associated with the collapse of the cereal matrix. 
Similar results were obtained on breakfast cereal during soaking in milk by Sacchetti et al,. (2003). Moreover, 
Guillard et al,. (2004) described a model based on Fick’s second law for predicting moisture diffusivity and 
transfer in biscuit. These authors presented that the diffusivity estimated from sorption kinetics increased 
up to a moisture content close to the monolayer value, and then, decreased at higher moisture content. 
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After a sharp decrease in t2, the kinetic time constants were almost constant and close to the t1 values at 
high water content. It likely results from the plasticizing effect of sucrose and water above the glass transition 
at 25 oC. From the above results, there are two hypotheses to explain the sharp decrease in apparent water 
diffusion kinetics at high relative humidity: 1) structure collapse, 2) crystallization of sugar.  
X-ray diffraction (XRD) experiments were performed to complete the investigation of structural 
change such as sucrose crystallization possibly occurring during the storage/dehydration cycles. X-rays 
diffractograms were recorded on 0, 10 and 20 % sucrose extruded sample equilibrated at different relative 
humidity in order to assess the crystalline order of the starch and of the sugar (Fig. 4.11a). The X-ray 
diffraction patterns of extrudates showed that the usual A-pattern of native cereal starches (Zobel et al,. 
1988) had completely disappeared as a result of the extrusion,  but that  “V-pattern” was present for all 
samples. The A-type pattern characteristic of native cereal starches may have gradually transformed in 
presence of lipids during extrusion cooking, into the so called V-pattern, characteristic of amylose-lipid 
complex crystalline structure. The X-ray pattern developed was characteristic of an amylose/lipid complex 
(Mercier et al,. 1980). Fan et al,. (1996) have presented that an addition of sugars led to changes in the 
packing of amylose–lipid complexes in the extrudate of maize grits from an E-type to V-type. It is postulated 
that the complexes initially pack in the least stable E-form and then rearrange into the most stable V-form, 
a process which is accelerated by the addition of sugars because of the enhanced molecular mobility 
resulting from the reduced glass transition temperature. This rearrangement is also seen when extrudates 
containing no sugar are equilibrated at ambient temperature. Farhat et al,. (1996) suggested that the starch 
crystalline order was generally very limited in the extrudates. They calculated crystallinity indices using the 
method described by Hermans and Weidinger (1948) based on the relative area under the characteristic 
sharp peaks. These values were less than 2 to 4% in the extruded samples compared to 15-25% in the native 
material as the water content increased from 5 to 25% (w/w dry basis). No sharp peaks characteristic of 
crystalline sugars were observed in any of the x-ray diffactograms of extruded starch-sucrose samples, 
implying the absence of crystalline sucrose over the entire range of moisture contents investigated. Samples 
with 0, 10 and 20% sucrose content equilibrated at ambient temperature at 11 %RH exhibited 2 peaks with 
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the main one between 13 and 18o (2). In no cases was there any X-ray evidence for sugar crystals within 
the extrudates processed with 10% feed water. In all cases the X-ray pattern was dominated by E or V-
response, as a result of the presence of amylose lipid complexes. Increasing plasticizer in the form of either 
water or sugar has been reported to increase the magnitude of the most stable V pattern (Fan et al,. 1996, 
Carvalho and Mitchell 2000). Besides, when samples were equilibrated at 84% RH, extrudates gave the V-
type pattern with a second peaks at approximately 19.5o (2). The diffractograms acquired on the extrudates 
were typical of amorphous systems exhibiting a broad pattern regardless of their sucrose content (Fig. 
4.11a). The feature centered at approximately 2 = 12-13o resulted from the contribution of amorphous 
sucrose and the contribution of this peak to the total spectrum increased with increasing sucrose content in 
agreement with (Farhat et al,. 2003). On the one hand, the X-ray pattern of the sample containing sucrose 
equilibrated at 11 %RH showed a marked peak at 18.2o (2) with no sensitivity to  sucrose content, while the 
X-ray pattern of the same samples equilibrated at 84 %RH exhibited a shift of this peak  to higher 2 values. 
This indicated a change in crystalline structure of extrudates after high hydration exposure with more V-type 
packing of amylose/lipid complex (Fan et al,. 1996). On the other hand, the effect of dehydration on 
crystallinity was studied by equilibrating the 10% sucrose sample previously equilibrated at 84 %RH and then 
dehydrating it to 11 %RH with storage over the appropriate saturated salt solution. The samples retained 
their amorphous character after dehydration (Fig. 4.11b), but the observed peak did not shift back to its 
original value before the sample hydration. Li et al,. (2014) suggested that the amorphous structure resulting 
from extrusion may only recrystallise upon retrogradation and that most of the residual crystalline structure 
in the extrudates originated from native crystalline structure, rather than from retrogradation. In the present 
study, the drying of extrudates could contribute to reduce the retrogradation. The result of X-ray diffraction 
proved that no sugar crystallization could explain the different sorption isotherm shape for extrudates at 
different sucrose content (Fig. 4.4). A notable feature was that no sharp peaks characteristic of crystalline 
sucrose were observed in any of the X-ray diffractograms of the extruded samples compared with a control 
sample containing 1% of crystalline sucrose, implying the absence of crystalline sucrose over the entire range 
of moisture contents investigated.  
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4. Conclusions  
The moisture sorption and desorption isotherms of breakfast cereal model were determined for samples at 
different sucrose content and processed at different water levels. The equilibrium moisture content 
decreased with decreasing sugar content at constant water activity and the reverse effect of sugar content 
was observed at high water activity. Sucrose content, physical aging and water sorption history affected 
hysteresis behavior between sorption and desorption. The fitting model with a bi- exponential equation 
suggested a water migration process in two steps as function of time: the first kinetic with the shorter time 
constant was almost constant and could be adsorption phenomena at the surface. The second one, longer 
than the previous, may represent the apparent migration of water into the product. This time constant 
represents the apparent diffusivity in samples and shows a bell-shape as function of water content. This 
behavior is probably due to a change of sample size during hydration, a first step corresponding to the 
swelling of the sample, increasing the path for water migration, then lowering the apparent mass transfer; 
and a second step with an increase of water transfer kinetic (shorter time constant) for higher water content.  
To relate the hydration-induced changes in extrudates microstructure during storage, imaging technique can 
be applied for an assessment of the fine structure of the non-hydrated samples in order to correlate 
hydration properties with the possibles changes in porous structure (i.e. pore size and pore wall thickness) 
of extrudates (i.e. swelling and collapsing) occurring in the cereals upon hydration. 
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Table 4.1. Selected isotherm equation for experimental data fitting. 
Model Equation  Model parameters Reference Product 
Peleg   
𝑀 = 𝑘1𝑎𝑤1
𝑛 + 𝑘1𝑎𝑤2
𝑛  
 
Eq. 1 
𝑀 – equilibrium moisture content 
(g/100 g dry solids) 
𝑎𝑤 – water activity (p/p0) 
𝑘1,𝑘2,𝑛1,𝑛2 – empirical constants 𝑛1 <
1 and 𝑛2 > 1 
(Palou et al., 1997) - Cookies and corn 
snacks 
 
 
GAB   
𝑀 =
𝑚0𝐶𝑘𝑎𝑤
(1 − 𝑘 ∙ 𝑎𝑤)(1 − 𝑘 ∙ 𝑎𝑤 + 𝐶 ∙ 𝑘 ∙ 𝑎𝑤)
 
 
Eq. 2 
𝑀 – equilibrium moisture content 
(g/100 g dry solids) 
𝑎𝑤 – water activity (p/p0) 
𝐶 – dimensionless parameter, related to 
heat of sorption of monolayer region 
𝑘 – dimensionless parameter, related to 
heat of sorption of monolayer region 
𝑚0 –monolayer moisture content (g 
/100 g dry solids) 
(Pallavi et al., 2015) 
 
(Lazou and Krokida, 
2011) 
 
 
- Nut cereal bars 
 
- Corn-lentil extruded 
snacks 
BET  𝑀 =
𝑚0𝐶𝑘𝑎𝑤
(1 − 𝑎𝑤)(1 − 𝑎𝑤 + 𝐶 ∙ 𝑎𝑤)
 Eq. 3 𝑀 – equilibrium moisture content 
(g/100 g dry solids) 
𝑎𝑤 – water activity (p/p0) 
𝐶 – dimensionless parameter, related to 
heat of sorption of monolayer region 
𝑚0 –monolayer moisture content (g 
/100 g dry solids) 
(Enrione et al., 
2007a, b) 
- Extruded Waxy 
Maize Starch-Glycerol 
Systems 
- Mixtures of Glycerol 
and Starch 
Freundlich   
𝑀 = 𝑘𝐹𝑎𝑤
1 𝑛⁄  
 
Eq. 4 
𝑀 – equilibrium moisture content 
(g/100 g dry solids) 
𝑎𝑤 – water activity (p/p0) 
𝑛 – Freundlich adsorption constant, 
indicated adsorption intensity 
𝑘𝐹 – Freundlich adsorption constant, 
indicated adsorption capacity 
(Boente et al., 1996) 
 
(Shivhare et al., 
2004) 
- Maize grains 
 
- Dried mushroom 
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Table 4.2 Estimated parameters of the sorption models for extruded products.  
 
Model 
/Sucrose content (%) 
10% extrusion water 15% extrusion water 
 0 5 10 15 20 0 5 10 15 20 
Peleg 𝑘1 13.71 12.86 13.44 13.55 20.17 13.04 14.42 14.00 14.05 14.83 
 (model up to 90% RH) 𝑎𝑤1 0.60 0.67 0.91 1.08 1.43 0.59 0.76 0.87 0.87 0.84 
  𝑘2 35.10 41.96 43.86 47.11 51.05 33.96 46.38 43.94 51.60 52.37 
  𝑎𝑤2 7.83 7.58 7.43 7.34 8.95 7.31 9.63 7.39 7.29 7.54 
  p value 3.36 3.51 5.21 7.50 6.00 1.02 2.04 2.76 5.15 2.18 
GAB  𝑘 0.91 0.95 0.95 0.95 0.94 0.92 0.95 0.95 0.95 0.95 
(model up to 90% RH) 𝐶 23.86 14.38 4.43 2.19 1.75 21.57 14.60 5.08 4.27 5.44 
  𝑚0 5.03 4.62 4.95 5.40 6.44 4.95 4.53 5.08 5.37 5.45 
  p value 4.21 4.19 4.82 7.80 9.29 2.66 7.39 5.12 4.62 2.31 
GAB  𝑘 0.80 0.93 0.98 1.19 1.29 0.78 0.90 1.06 1.12 0.84 
(model up to 50% RH) 𝐶 13.88 13.74 7.16 7.13 3.78 13.29 9.89 7.98 9.86 5.60 
  𝑚0 6.07 4.72 4.13 2.82 3.04 6.063 5.14 4.03 3.72 5.98 
  p value 4.22 4.85 4.06 2.98 9.13 0.38 5.94 0.84 1.73 1.33 
BET  𝐶 19.84 18.03 6.03 5.59 1.58 19.15 6.92 7.11 7.60 7.51 
(model up to 50% RH) 𝑚0 4.91 4.26 4.33 3.57 6.42 4.80 5.06 4.37 4.36 4.78 
  p value 5.03 4.78 4.01 2.05 10.81 3.12 9.13 7.47 1.98 2.85 
Freundlich 𝑘𝐹 12.87 11.15 11.04 9.52 13.18 12.63 15.19 11.75 10.96 13.50 
(model up to 40% RH)  𝑛 1.79 1.74 1.33 1.25 0.94 1.77 1.26 1.33 1.45 1.30 
  p value 4.15 3.79 3.32 1.56 7.66 0.82 2.80 3.31 0.83 1.16 
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Fig 1. Example of a sorption experiment using dynamic vapor sorption instrument.
Step-by-step increase and decrease of relative humudity and related change 
of water content for extrudate with 10% sucrose (a). The circles indicate the kinetic 
curves evaluted sorption step 50-60% RH (b) and sorption step 60-50% RH (c).
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Fig. 4.1 Example of a sorption experiment using dynamic vapor sorption instrument. Step-by-step increase 
and decrease of relative humudity and related change of water content for extrudate with 10% sucrose (a). 
The circles indicate the kinetic curves evaluated sorption step 50-60% RH (b) and sorption step 60-50% RH 
(c). 
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BET sorption isotherm for extrudate contains 10% sucrose (a) and 
the effect of sucrose on sortion isotherm curve of extrudates exposed at 
0-90% RH at 25 
o
C using the DVS instrument (b).
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Fig. 4.2 Comparison between the normalized GAB, Peleg, (0-40% RH) and BET (0-50% RH) sorption isotherm 
for extrudate contains 10% sucrose (a) and the effect of sucrose on sortion isotherm curve of extrudates 
exposed at 0-90% RH at 25 oC using the DVS instrument (b). 
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Fig 4.3. Effect of sucrose content on monolayer water content for extrudate produced at 10 (a) and 15 (b) 
% extrusion water. 
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Fig 4. Water sorption isotherm of extrudates showing the effect of sucrose content on 
hysteresis of samples where a,b,c,d, and e are extrudates contain 0, 5, 10, 15, and 20% 
sucrose content, respectively. Markers are experimental data for sorption (rectangle) and 
desorption (circle). Lines represent Peleg fitting for sample produced with 10% 
(open symbol with solid line) and 15% (filled symbol with dashed line) extrusion water. 
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Fig 4.4. Water sorption isotherm of extrudates showing the effect of sucrose content on hysteresis of 
samples where a,b,c,d, and e are extrudates contain 0, 5, 10, 15, and 20% sucrose content, respectively. 
Markers are experimental data for sorption (rectangle) and desorption (circle). Lines represent Peleg fitting 
for sample produced with 10% (open symbol with solid line) and 15% (filled symbol with dashed line) 
extrusion water. 
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Fig 5. Effect of sorption-desorption cycle on sorption isotherm curve for extrudate with 
10% sucrose content produced at 10% extrusion water. (a) and (b) are kinetic water sorptions 
and sorption isothrems for 1 cycle and 2 cycles, respectively.
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Fig 4.5. Effect of sorption-desorption cycle on sorption isotherm curve for extrudate with 10% sucrose 
content produced at 10% extrusion water. (a) and (b) are kinetic water sorptions and sorption isothrems 
for 1 cycle and 2 cycles, respectively. 
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Fig.9 Effect of hydration-dehydration multi-cycle on water vapor sorption 
of extrudate with 10% sucrose; (a) is kinetic curve evaluated using DVS 
and (b) is the plot of water contents for each desorption steps.
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Fig. 4.6 Effect of hydration-dehydration multi-cycle on water vapor sorption of extrudate with 10% sucrose; 
(a) is kinetic curve evaluated using DVS and (b) is the plot of water contents for each desorption steps. 
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Fig 4.7 Relative humidity ramping experiment for a range of relative humidity ramping rates for extrudate 
with 10% sucrose content at 25 oC (a); ne  ch nge in mass or water content as a function of time for extrudate 
with 0, 10, and 20% sucrose content at 2% RH/hr (b); 1st derivative of mass change for 0, 10, and 20% sucrose 
content at 10% RH/h as a function of %RH (c). 
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Fig. 11 Schematic view, as a function of water activity, of water contents (---),
low glass transition temperature Tgl (-.-) and its range (....) for extrudates 
containing 0% (a), 10% (b) and 20% (c) sucrose. The hatched areas correspond 
to the zones of critical water activity and and glass transition at 25 
o
C.
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Fig. 4.8 Schematic view, as a function of water activity, of water contents (—), low glass transition 
temperature Tgl (-∙-) and its range (∙∙∙) for extrudates conta ning 0% (a), 10% (b) and 20% (c) sucrose. 
The hatched areas correspond to the zones of critical water activity and and glass transition at 25 oC. 
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Fig. 4.9 The correlation between water content and water activity at merging of sorption isotherm and 
critical water content for extrudates with various sucrose content. 
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Fig. 4.10 Effect of sucrose content on kinetic time constants t2 of water diffusion for extrudates. (lines 
represented Fermi fitting). 
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Fig 10. X-ray diffraction patterns of extrudates produced at 10% extrusion water 
with 0, 10, and 20% sucrose equilibrated at 11 and 84% RH (a) and the 
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with dehydrated sample (b).
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Fig 4.11. X-ray diffraction p tterns of extrudates prod ced at 10% xtrusion water with 0, 10, and 20% 
sucrose equilibrated at 11 and 84% RH (a) and the extrudate with 10% sucrose content equilibrated at 11 
and 84 % Rh compared with dehydrated sample (b). 
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Abstract  
 
The physical state and mechanical properties of extruded cereal based products were studied as a function 
of sucrose content and relative humidity (RH) to evaluate how the presence of sucrose affects glass transition 
temperature (Tg), sorption isotherm, and texture parameters. Extrudates were prepared with different 
sucrose content (0 – 20 %wt). Sorption isotherm showed the water content of extrudates decreased when 
product contains high sucrose at low water activity (aw) range and the inverse effect was observed at high 
aw. Tg s were determined using differential scanning calorimetry (DSC) and two transitions were detected on 
the heat flow first derivative curve. Addition of sucrose or water decreased both Tg s in extrudates. Young’s 
modulus showed water acts as anti-plasticizer at low aw, while shows plasticizing effect at high aw. A stability 
map can explain the brittle-ductile transition occurred while it was below Tg. 
 
 
Keywords: Extrudate cereal based-products, sugars, texture, thermal properties, heterogeneity, stability 
map. 
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1. Introduction 
Although cereals are mainly composed of complex carbohydrates, they are also a source of low 
molecular weight sugars as a result of both process and recipe. (Williams 2014). However, even if breakfast 
cereals are mainly composed of complex carbohydrates, they also contain a ratio of low molecular weight 
sugars now recognized as inappropriate for children and adults (Harris et al,. 2011, Williams 2014, Fayet-
Moore et al,. 2017). Reducing the sucrose content and increasing the protein level in breakfast cereals could 
induce changes in texture and stability which should not appear to the consumers of these products (Farhat 
et al,. 2000, Barrett et al,. 1995, Mezreb et al,. 2006, Pitts et al,. 2014, Philipp et al,. 2017). In order to manage 
the possible evolution of a modified recipe of extruded cereal-based products, we aimed at better 
understanding the structural aspects affected by the change of recipe. 
Cereal-based products are often produced by extrusion-cooking process that allows a fast mixing-
cooking-drying of the ingredients under high mechanical pressure. This process induces melting in the barrel 
and vitrification of the material at the end with fast water evaporation; this freezing of the structure into a 
solid foam is due to both the pressure and temperature difference between the extruder and atmospheric 
conditions after the die. So after extrusion, the obtained material is an amorphous solid structure and glassy 
material in a non-equilibrium state, which can be changed either by removing water or following rapid super-
cooling (Bhandari and Howes 1999, Roos 2003).  
Extruded foods are composed mainly of flour opposed to the other minor components, while salt 
and sugars are only minor constituents in the formulation. Each of these ingredients has physico-chemical 
properties playing a specific part in the processing characteristics and textural quality of the product (Pitts et 
al,. 2014). In fact, textural properties of low moisture cereal foods are key drivers for their acceptability and 
their sensory quality depends mainly on crispness. It has been shown that the sucrose exhibits a crispness 
protecting action against hydration, shifting for sucrose-rich extruded starch the critical hydration towards 
higher values than for pure extruded starch (Valles Pamies et al,. 2000, Roudaut et al,. 2002). Indeed, residual 
water in breakfast cereals appears as the most important ingredient affecting texture through its effect on 
the glass transition temperature which is widely used to assess stability (Roos and Drusch 2016). The glass 
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transition temperature (Tg) is specifically the temperature at which an amorphous material changes from a 
glassy solid structure to a “rubbery” state. The glass transition occurs over a temperature range, although it 
is often referred to a single temperature value. Pure food components, such as amorphous sugars, often 
show a single, clear glass transition that can be observed following dielectric, mechanical or thermal 
properties (Roos 2003). However, in many real food systems, components may be only partially amorphous 
(carbohydrates, e.g., starch and sugars; proteins) or many food components may only be partially miscible 
or immiscible at all with each other, forming single or several phases at microstructure scale (Roos 2003). 
More recently several authors (Roudaut and Wallecan 2015, Tedeschi et al,. 2016) evidenced that composite 
materials may present the thermal signature of two glass transitions in differential scanning calorimetry, 
reflecting the possible inhomogeneity of the structure with different areas more or less rich in plasticizing 
molecules.  
If the glass transition contributes to the softening of glassy material at high water content, there are 
also other processes, such as physical aging, that affect textural properties in the glassy state. Results of 
previous work indicated that compression force showed a maximum and crispness perception decreased as 
a function of water content while the samples were still at ambient temperature below their Tg (Farroni et 
al,. 2010). Since these glassy products are not in thermodynamic equilibrium at temperatures below their 
glass transition temperature, they may undergo physical changes when their thermodynamic properties (e.g. 
enthalpy, free volume) decrease to reach a lower energy state. Such evolution is associated with a physical 
aging process occurring during storage (Simatos et al,. 1996). The structural state of glass depends on thermal 
history of the glass upon its processing and storage below Tg  (Tonchev and Kasap 2002).  
Although the phase transition of complex products has been thoroughly studied such as in waffle 
(Roudaut and Wallecan 2015), starch and sucrose mixture (Roudaut and Champion 2011, Tedeschi et al,. 
2016), or in extruded products (Roos et al,. 1998, Roudaut and Champion 2011), very few studies have 
investigated the contribution of sucrose to the thermal transition attributed to the glass transition of sugar-
containing materials. The objective of this study was to characterize the effects of water uptake and sucrose 
content on the thermal events occurring at glass transition temperature and product stability in extruded 
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cereal-based products and to determine the relationship between the temperature of these events and 
texture properties as observed by mechanical analysis. This objective should provide a general view of the 
samples stability versus moisture taking into account different behaviours: thermal phase behaviour, and 
mechanical behaviour in material containing several types of biopolymers and several plasticizers. More 
specifically, an alternative technique for the determination of multiple glass transitions in composite food, 
which is the analysis of the DSC heat flow curve derivative was used. In this paper, we report in the first part 
of our study, a focus on an approach on overlapping endotherms in samples by using Gaussian fitting of the 
derivative. In the next part, the physicochemical aspects of phase separation in the matrix were analyzed in 
relation to the glass transition concepts. The results obtained by this multi-analytical approach were 
combined to better understand the role of water status and sucrose in formulation of extrudates in the 
determination of plasticization effect and more specifically to highlight heterogeneities in this type of 
complex materials. 
 
2. Materials and methods  
2.1 Sample composition and extrusion  
Wheat flour, wheat starch, gluten and sucrose commercial grade were supplied by ADM CHAMTOR (Les 
Sohettes, France). The extrusion of the ingredient blends containing 0, 5, 10, 15 and 20% wt sucrose with 
wheat flour 53-73% wt, wheat starch 16% wt, gluten 16% wt and sodium chloride 1% wt was carried out in a 
Clextral BC-45 intermeshing twin-screws extruder with a 1.5 m long barrel using 10% wt initial moisture 
content (dry basis). The barrel heating zones were at 80 °C, 130 °C and 160 °C (±2 °C). A 6.0 mm circular die 
was fitted to the end of the barrel and used to produce the cylinder-shaped extrudates. The screw speed was 
150 rpm. Feed rates were controlled: the solid feed at 36 kg/hr and water input of 4 L/hr, giving a water 
content of 19.5-24.5% wb of molten material in barrel depending on blend formulation and ~10% wb in the 
final extruded samples.  After extrusion, samples were oven dry during 5 min at 150 °C and after cooling, 
they were hermetically sealed in bag to be kept at ambient temperature. 
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2.2. Sorption isotherms  
The common methods of generating equilibrium moisture sorption isotherms are compared. In this work, 
the saturated salt solution (SSS) method and humidity generating instruments such as dynamic Vapor 
Sorption (DVS) instrument were used for determining the hygroscopic behavior of extruded samples. 
2.2.1 Salt saturated solutions (SSS) 
The samples (water content in range of 2.8-5.2% depending on sucrose content) were equilibrated at 
different relative humidities in hermetic containers containing P2O5 or various saturated salt solutions. P2O5 
and the saturated solutions of different salts (LiCl, KC2H3O2, MgCl2, K2CO3, NaBr, NaCl and KCl) and were used 
to stabilize relative humidity (RH) at respectively 0, 11, 23, 32, 43, 59, 75, and 84% RH for samples needed 
for experiments, and for determining the sorption isotherms (water content versus water activity) at 25 °C. 
For storage experiment, the samples were stored at ambient temperature in hermetically sealed 
polyethylene bags for 24 months. After process their relative humidity was on average 30% RH. When we 
used the samples, they were equilibrated over saturation salt solution in hermetic boxes at ambient 
temperature at least 4 weeks and water activity was checked before sample analysis. Constant mass of 
powders was reached after 4 weeks storage and water content was quantified by the standard oven 
dehydration method (105 °C/24 h).  
2.2.2 Dynamic vapor sorption (DVS method)   
Sorption isotherms were determined by a humidity generating instrument: dynamic vapor sorption 
instrument (DVS-2000, Surface Measurement Systems, London, United Kingdom) that allows the recording 
of sample mass while exposed to different RH. An approximately 15 mg sample piece was stored over P2O5 
at room temperature, put into a vacuum desiccator for 1 day, then loaded onto glass DVS pan to be 
introduced into the sample chamber. A dry nitrogen flow (100 cm3/min) was used during 1000 min to 
maximally dry the sample in the chamber: the sample final mass after this step was considered as its dry 
matter. The equipment kept the same RH in the atmosphere around the sample until a stable mass (dm/dt 
below 0.002%) for 5 consecutive minutes at 25 °C. The value of the water content for each RH step was 
determined by fitting, with the asymptotic value of the sample mass evolution curve.  
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DVS equipment and saturated salt solution experiments were both used to generate the water sorption 
isotherms. The data were fitted to the GAB model (Eq. 5.1) using SOLVER module from the Excel software 
(Microsoft Excel 2010): 
𝑚
𝑚0
=
𝐶𝑘𝑎𝑤
[(1−𝑘𝑎𝑤)(1−𝑘𝑎𝑤+𝐶𝑘𝑎𝑤)]
             Eq. 5.1 
Where, m is the predicted moisture content (g/100g dry solids), 𝑎𝑤is the related water activity, 𝑚0 is the 
monolayer moisture content (g/100g dry solids), and 𝐶 and 𝑘 are GAB constants. 
 
2.3. Differential scanning calorimetry 
The glass transition temperature of equilibrated samples was determined using a differential scanning 
calorimetry (DSC), using Q20 calorimeter (TA instrument, Inc., New Castle, DE, United states) under a 
nitrogen atmosphere at a flow-rate of 25 mL/min. Experiments were carried out with approximately 5-10 mg 
of sample hermetically sealed in a medium-pressure aluminum pan (Tzero pan with Tzero Hermetic Lid). An 
empty pan was used as a reference. The instrument was calibrated at 10 °C/min for temperature and energy 
with azobenzol and indium. Samples were scanned at 10 °C/min for both cooling and heating in the 
temperature range of -50 to 170 °C (Figure 2). Two heating scans were done: the first one to erase the thermal 
history and the possible overshoot associated with enthalpy relaxation (physical aging) and the second one 
to analyze the reversible contribution of the phase transition (Roudaut and Wallecan 2015). A peak analyzer 
wizard (OriginPro 2017, OriginLab, Northampton, USA) was used to fit the heat flow first derivative signal of 
the second DSC heating. The derivative signals (𝐺𝑖) were fitted by Gaussian distribution functions (Eq. 5.2) 
and it was possible to identify several Tg (s) by fitting. Full widths at half maximum (FWHM) were determined 
by peak analyzer option in the software.  
𝐺𝑖 =
∆𝐶𝑝,𝑖
∆𝑇𝑔,𝑖(𝜋 2⁄ )1 2
⁄ 𝑒𝑥𝑝 (−
2(𝑇−𝑇𝑔,𝑖)
2
(∆𝑇𝑔,𝑖)
2 )        Eq. 5.2 
The presence of different phases (𝑖) with their respective glass transitions (Tg,i ) was deduced from the 
deconvolution of the signal in multiple Gaussians, ∆Tg,i  corresponding to the full width at half maximum 
(FWHM) for a Gaussian. This method is based on the notion that the dH/dT versus temperature signal of a 
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pure polymer or polymer fraction can be described by one Gaussian function at the glass transition (Roudaut 
and Wallecan 2015, Hourston et al,. 1999). 
 
2.4 Prediction of Tg  of mixtures  
Gordon-Taylor equation (Gordon and Taylor 1952) is applied to predict the influence of moisture content on 
the glass transition temperature (Eq. 5.3); initially used for binary systems, the Tg  of the overall dry matter 
was calculated with the same equation: 
Tgm =
𝑥𝑠∙𝑇𝑔𝑠+𝑘𝑠∙𝑥𝑤∙𝑇𝑔𝑤
𝑥𝑠+𝑘𝑠∙𝑥𝑤
           Eq. 5.3  
Where Tgm , Tgs , Tgw  are glass transition temperature (K) of mixture, anhydrous solids and water, 
respectively; 𝑥𝑠 and 𝑥𝑤 the mass fraction of solids and water (g/100g wet basis), respectively, and 𝑘𝑠 is a 
constant proportional to the plasticizing effect of the water. The data was fitted to the Gordon Taylor 
equation using Microsoft Excel 2016, using 138 K as the Tgw value for water (Blond and Simatos, 1991). 
 
2.5 Texture analysis 
Extrudates were submitted to uniaxial compression test using texture analyzer (TA HD plus, Texture 
Technologies, Hamilton, MA, USA) with a 100 kg load cell. Compression tests were performed with an 
aluminum cylinder probe (25 mm, P/25, Stable Microsystems, UK) at room conditions. Force calibration and 
sensitivity were checked with a 2 kg weight and probe position calibrations were performed before the test. 
The tests were performed with constant crosshead speed of 0.5 mm/s. Samples were compressed up to 30% 
strain but only the reversible domain was considered. Strain–stress curves were analyzed and Young’s 
modulus (𝐸𝑦) was calculated from the slope in the elastic region. Extrudates were pre-equilibrated at 
different RH before measurements. From 5 to 10 replicates depending on the availability of the equilibrated 
samples at different RH, were performed to reduce the variation introduced by the heterogeneity of extruded 
samples. Force vs. distance data were transformed into stress (𝜎𝐸) vs. strain (𝜀𝐸) using Eqs. (5.4) and (5.5) 
(Fontanet et al,. 1997): 
𝜎𝐸 =
𝐹(𝑡)
𝐴0
           Eq. 5.4 
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𝜀𝐸 =
𝐻(𝑡)
𝐻0
           Eq. 5.5 
where 𝐹(𝑡) is force as function of time, 𝐻0 is sample initial height, 𝐻𝑡 is sample height as a function of time, 
and 𝐴0 is the area under compression curve. Young’s modulus, 𝐸𝑦 was calculated as the slope of 𝜎𝐸 vs. 𝜀𝐸 
curves in the lineal region (Eq. 5.6) (Farroni et al,. 2015): 
𝐸𝑦(𝑃𝑎) =
𝜎𝐸(𝑡)
𝜀𝐸(𝑡)
           Eq. 5.6 
where stress and strain were measured in the reversible domain and calculated taking into account the 
geometry of the sample (height and section).  
The relationship between 𝐸𝑦 and water activity was modelled using the Fermi equation (Eq. 5.7) to describe 
the sigmoid curve obtained from plotting parameters (Peleg 1994, Roudaut et al,. 1998, Pittia and Sacchetti 
2008, Arimi et al,. 2010).  
𝐸𝑦 =
(𝑌0−𝑌𝑟+𝑘𝑎𝑤)
{1+𝑒𝑥𝑝[
(𝑎𝑤−𝑎𝑤𝑐)
𝑏
]}
+ 𝑌𝑟          Eq.5.7 
Where 𝐸𝑦 is the Young’s modulus values dependent on water activity; 𝑌𝑜 is the initial value of the analyzed 
result (in this study values corresponding to the values at aw ~ 0); aw is the water activity; awc is the critical 
water activity where 𝐸𝑦 = 𝑌𝑜/2 a drastic textural change takes place; 𝑘 is a constant corresponding to the 
slope of the increasing region and 𝑏 is a constant describing the slope of transition of analyzed variable (Arimi 
et al,. 2010). 
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3. Results and discussion 
3.1 Water sorption isotherms 
The water sorption isotherm of food is obtained from the equilibrium moisture contents determined at 
several aw values at constant temperature. Sorption isotherms are used for a number of purposes in food 
research such as food processing, packing and storage (Labuza and Hyman 1998). The saturated salt slurry 
method can be used to generate isotherm but it takes a rather long time (4 weeks) for the product to achieve 
equilibrium and requires large sample mass to obtain a measurement with good accuracy for water content 
determination. In order to overcome these disadvantages, DVS was also used to generate sorption isotherms 
in a relatively shorter period of time due to sample size and nitrogen flow controller; this technique is 
designed to accurately measure the sample weight change at given RH for a constant temperature.  
The extruded sample isotherm data at 25 °C (Fig. 5.1) obtained using both SSS and DVS methods, 
showed slight difference in the range of aw 0.10-0.40; no significant difference was found at the higher aw 
values according to the standard deviation for the water content determinations. The difference measured 
at low RH may be attributed to difficulties in water content determination by oven dehydration that induces 
chemical reactions (i.e. non- enzymatic browning, polymerization) where water molecules are involved or 
produced. Once the aw is high enough (aw> 0.4 ), water is able to diffuse into the extruded matrix more 
rapidly and both methods come into agreement probably because mass stability is easier to reach. (Schmidt 
and Lee 2012) explained that below aw 0.40, it is hypothesized that water is mainly adsorbed (adsorption 
section of the working isotherm) or desorbed (desorption section of the working isotherm) from the surface 
of the cornflakes, following Fickian diffusion in each of the working isotherm methods, resulting in very little 
difference in moisture content. As aw increase above 0.40, permeability of the laminate surface becomes 
sufficient for increased adsorption of moisture if given sufficient time (the time required being dependent 
on permeability and hence, aw).  
 Experimental sorption data were fitted to GAB (Guggenheim-Anderson-de Boer) which has been 
used to describe the isothermal sorption behavior of many foods and biological materials (Fabra et al,. 2009, 
Andrade and Pérez 2011). The experimental and predicted water content values using the GAB equation for 
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extruded samples were determined at 25 °C (Fig. 5.1) with different sugar content (Fig. 5.1b). Similar type of 
curves for isotherms was observed by many researchers for extruded samples (Wani and Kumar 2016, Lazou 
and Krokida 2011). At low aw, the slope of the curve was low and increased rapidly with further increase in 
aw.  
For all samples in the RH range of < 0.75, the higher the sucrose concentration in the sample, the 
lower is its water content after mass equilibrium in a given RH. This observation may be attributed to the 
preferentially cross-linking of biopolymer matrix by sugars when the availability of water is low (Hazaveh et 
al,. 2015). For aw > 0.75, the accessibility of the hydroxyl groups to water molecules increases due to the 
swelling of the biopolymer, so there is a rise in accessibility of the polar groups to the water molecules. The 
observed behavior was typical of products with high-sugar content, which absorb relatively small amounts 
of water at low-water activities but exhibit a sharp increase in sorbed water at higher water activities. This 
could be due to the effect of solute-solvent interactions associated to sucrose instead of the previous 
prevailing effect of sucrose-biopolymer interactions hindering interactions with water molecules (Tsami et 
al,. 1990, Fabra et al,. 2009). This behavior is similar to that observed in literature for dry biscuits (Guillard et 
al,. 2004, Bourlieu et al,. 2008), for sponge cakes (Guillard et al,. 2003), for cookies and corn snacks (Palou et 
al,. 1997), for cereal bars (Pallavi et al,. 2015) and also for extruded snacks (Wani and Kumar 2016). 
 
3.2. Differential scanning calorimetry study (DSC) 
For all samples with or without added sucrose, the first DSC heating scan (Fig. 5.2) exhibited an 
endothermic peak ranging from 40 to 60 °C which is attributed to physical aging phenomenon that is only 
possible in the glassy state (Blond and Simatos 1991, Wungtanagorn and Schmidt 2001, Fan and Roos 2016). 
This enthalpy relaxation phenomenon was not immediately reversible after the first heating but may be 
recovered after several days of storage (data not shown). Physical aging refers to structural relaxation of 
glassy material and is accompanied by changes in several physical properties during storage such as loss of 
crispness resulting in a soggy and soft texture.  
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Thus, the presence or absence of this enthalpy recovery peak and its energy value are indicators as 
function of storage time of the relaxation ability of the material in the glassy state. Indeed, the enthalpy 
magnitude of the DSC endothermic peak is a measure of the extent of aging due to the residual mobility in 
amorphous solids. The denser the material was becoming during storage, the higher the measured enthalpy 
of de-aging in DSC is upon heating through the glass transition (Ho and Vu-Khanh 2003, Daly et al,. 2004).  
The effect of aging of cereals-based extrudates below their glass transition temperature has been 
also studied by DSC methods by other authors (Roos et al,. 1998, Roudaut et al,. 1998, Roudaut et al,. 2002, 
Homer et al,. 2014). It is found that a pre-peak, as it is called, could be seen well below Tg depending on 
temperature and duration of storage time. In fact, the enthalpy energy of this endothermic event depends 
on the temperature difference between the storage temperature and glass transition temperature (Tg).  
In this work for samples at RH below 84%, the aging peak is clearly identified on the first heating in 
DSC but not on the second one (Fig. 5.2). All samples were processed the same day and stored in the same 
conditions, but the higher the relative humidity (below 84 %RH) and sucrose content, the higher was the 
enthalpy of the structural relaxation. The aging ability of the material is facilitated by the possible molecular 
mobility in the glassy state which appears more important as the water or sucrose content is increased. For 
samples, stored at temperature above their Tg (samples at 84 %RH), no enthalpy relaxation could be seen on 
DSC curve.  
DSC analyses were performed on samples with different hydration-dehydration history during 
storage. Extruded samples with 10% sucrose originally at aw 0.33, stored for 24 months at room temperature 
within a sealed polythene bag underwent dehydration at low RH while equilibrating over P2O5 and then 
rehydration when stored at aw 0.33. The first heating scan of the original samples showed an endothermic 
peak between 35 and 75 °C (Fig. 5.3). The hydration history affected the peak characteristics: the dehydrated 
sample exhibited a flattened enthalpy peak while the endothermic peak of the rehydrated sample showed 
an intermediate amplitude (greater than the dehydrated sample but almost the same as the initially 
equilibrated sample) over a broader temperature range than the initial sample. The 2nd heating scan showed 
a nearly flat thermogram for all samples (Fig. 5.3) as a result of the non-reversibility of the observed processes 
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and these two second scans are analogous, meaning that the sample recovered the same water content 
before and after dehydration/hydration process. (Appelqvist et al,. 1993) suggested that the endothermic 
event reflected the disruption of energetic association between water molecules and hydrophilic groups on 
the polysaccharide under conditions of restricted mobility. The peak due to enthalpy relaxation will show 
when there is sufficient mobility for the chains to move towards the equilibrium state. These relaxation 
processes before drying were not erased for samples studied after a storage under P2O5 RH but could not be 
seen on thermogram. Dehydration does not rejuvenate the sample although nothing is clearly seen on DSC. 
To go further, a fast rehydration of the sample (one week at 33%RH) allowed to recover almost the same 
relaxation enthalpy than the sample stored for several months. So the enthalpy endotherm seen after aging 
is clearly dependent on water content but does not reflect the densification of the sample which cannot de-
age without water in DSC.  
At constant water activity, the energy of the endothermic peak increased with increasing sucrose 
content, the peaks were wider and slightly shifted to lower temperature for samples with high sucrose 
content (Fig. 5.2c), probably because of the difference between the storage temperature and Tg the latter 
being expected to decrease with the sucrose amount in the sample. The relaxation enthalpy associated with 
the peak also increased with increasing aw up to 0.58. Below this aw, the Tg values of extruded samples were 
greater than 25 °C for all samples, allowing physical aging to occur over time as mentioned above. However, 
at higher hydration, the endothermic peak disappeared completely due to the increased chain mobility above 
Tg (Shogren 1992) (Fig. 5.2a, c). 
The aging phenomena could interfere with the Tg determination since it is observed in the same 
temperature region and confirmed that samples went through their glass transition temperature in the 
temperature range considered (Fig. 5.2). However, it is not so obvious to see the 𝐶𝑝 (step) associated with 
the glass transition on the second heating scan (Fig. 5.2b), mainly because the material is a composite of 
several types of biopolymers (starch, gluten) and a low amount of sugars giving a wide temperature range 
for Tg, which may merge more or less in the baseline. Even if an increase in the sucrose content induced a 
better identification of the Tg range on the second heating scan, interpretation of the results can be 
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complicated by poor resolution of the events when plotted using heat flow signals of the second heating 
scan. Thermal events can be better analyzed using the first derivative of heat flow signal to identify glass 
transition (Sacha and Nail 2009). The first derivative calculated for the 2nd heating scan of extrudates 
displayed one or two endothermic events depending on the sample composition in sucrose and water. Due 
to the overlap of derivative peaks, more precise Tg values, associated with each peak, were determined by 
the fit of the derivative curve with one or two discrete Gaussian functions (Fig. 5.4). Peak fitting permits the 
deconvolution of the derivative DSC signal at different RH (Fig. 5.5); and the glass transition temperatures 
were determined with the maximum of each peak that mathematically corresponds to an inflection point in 
the heat flow curve. 
For some samples, two Gaussian functions were used to fit the derivative curve: one at a low 
temperature designated by its maximum at Tgl, and another one, at a higher temperature, Tgh (Fig.4). 
Gaussian distribution showed a satisfactory fit with the experimental data. This identification of several glass 
transitions in complex food materials has been already done for waffle (Roudaut and Wallecan 2015) or 
starch-sucrose blends (Tedeschi et al,. 2016), and has been  explained as phase separations between different 
plasticizer-rich areas at microscale level. Indeed, (Roudaut and Wallecan 2015) showed also two phases in 
baked waffle at aw > 0.2 without added sugars and they attributed these two Tg to glass transitions of gluten-
rich and starch-rich fractions. In our breakfast cereal samples stored below 23% RH, it was not possible to 
identify two glass transitions with the derivative curves, but it does not mean that they are not superimposed 
onto each other. At higher RH, Tgl and Tgh were clearly identified for samples with and without added 
sucrose.  
The possible phase segregation appeared to be more related to the water content of the sample than 
to the sucrose concentration. Because our extruded samples are based on flour, wheat starch, sucrose, 
gluten, and salt, it may be hypothesized that the lower glass transition originated from small molecules or 
plasticizer rich fraction such as sucrose, while the higher temperature transition would result from the 
biopolymers, starch and/or protein fractions. However, to be visible on the DSC derivative, this phase 
separation required dynamics that could only be reached when the water content was sufficiently high. The 
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overlapping of the transition peaks suggests a non-unique composition for phases and distributions of 
microenvironments, i.e heterogeneities.  
Tgl and Tgh are both shifted to lower temperatures with the increase in water or sucrose content in 
the sample, due to plasticizing effect of these small molecules for biopolymers (Fig. 5.5-6). As for glass 
transition, the reversible transformation of the solid to liquid-like behavior is expected to occur over a 
temperature “range” rather than at a constant temperature (Fan and Roos 2017). So instead of only 
considering the reference temperature with the inflection point Tgl and Tgh the width of the transitions was 
taken into account with the FWHM value of both fitted Gaussian functions. In fact, FWHM positions were 
used to define the corresponding temperature range of glass transition (𝑅𝑇𝑔) which was calculated with Eq. 
5.8. 
 
𝑅𝑇𝑔/2 = 𝑇𝑔 ± 𝑇𝐹𝑊𝐻𝑀/2         Eq. 5.8 
 
The glass transition Tgl and Tgh for sample with 10 % sucrose are shown in Fig.7. 𝑅𝑇𝑔 for transitions 
characterized by Tgl spread on a 16 °C range for high amount of water, and of 47 °C for low amount, the 
range appeared narrower for Tgh. This observation may be opposite with the assumption of heterogeneities 
in the material with small molecules rich phases showing a lower Tg and with a richer phase of biopolymers 
characterized with higher Tg because it is expected that biopolymers go through the glass transition over a 
wider range of temperature. But we can assume 1) that the composition of the different phases, roughly the 
sucrose / biopolymers ratio, may be variable inducing a glass transition over a wide range of temperature or 
2) that the width of the first transition is affected by structural relaxation during the second heating process 
in the DSC, because the kinetic of aging is faster for small molecules glasses than for polymeric material 
(Simatos et al,. 1996, Blond and Simatos 1991). 
It can be observed that the width and height (Fig. 5.5) of the Gaussian peak is more affected by aw 
than by the sucrose content of the samples, but it is difficult to conclude about the impact of water content 
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on heterogeneities in the material because it is also known that water content increases the ∆𝐶𝑝 step 
amplitude at Tg, making easier the visualization of expected peaks on derivative curves.  
The influence of moisture content on the glass transition temperature of extruded samples was 
evaluated, the experimental Tgl and Tgh data were also subjected to a nonlinear least square regression 
analysis using Gordon-Taylor equation (Eq. 5.3) because the use of this model provides a convenient way to 
compare the five formulations. In Fig. 5.7, the experimental and calculated Tgl and Tgh values were plotted 
for 10% sucrose samples. Water plasticizes extruded samples,as exhibited by decreasing Tg with increasing 
moisture content. Similar results were reported by (Carvalho and Mitchell 2001) in maize and wheat 
extrudates; (Barrett et al,. 1995) in corn extrudates and (Roudaut and Wallecan 2015) in low moisture baked 
products. Common sugars have a low glass transition temperature compared to biopolymers: i.e.  Tg  values 
for dry amorphous sucrose reported in the literature range from 52 to 75 °C (Roe and Labuza 2005), so they 
usually depress glass transition temperature of biopolymers in sugar-rich foods (Bhandari and Roos 2017, 
Bhandari and Howes 1999). Water is also considered as a strong plasticizer in food systems because it is the 
major component responsible for depressing the glass transition temperature of food materials, as water has 
a very low glass transition temperature of -135 °C. When Gordon-Taylor model was applied to Tgl and Tgh  
values, it was “abusively”supposed that the total water content was the same in every phase. As first 
approach, this assumption allowed the Gordon-Taylor’s parameters determination Tgs  and 𝑘 values (Table.1) 
for extruded samples. Tgs  for both Tgl  and Tgh decreased with increasing sucrose content. The 𝑘𝑠 values 
obtained for extrudates increased with increasing sucrose content. Thus, sucrose seemed to make samples 
more sensitive to water plasticization. However, this calculation remains a raw estimation because the 
precise water content of each phase is not exactly known, indeed if according to the isotherms (Fig. 5.1), it is 
clear that the water content of sucrose-rich phases is lower than the polymer-richer ones, their exact 
compositions remain unknown. 
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3.3 Mechanical properties 
The changes in mechanical properties in response to different RH exposure were studied as a 
function of the samples sucrose content. Young’s modulus (𝐸𝑦) is a property commonly used to assess the 
stiffness of a material. Hydration of cereal-based products is known to lead to plasticization and softening of 
the starch–protein matrix and thus to alter the strength of the product (Martínez-Navarrete et al,. 2004).The 
Young’s modulus curve of extruded samples equilibrated to different aw followed a sigmoid curve with 
increasing aw (Fig. 5.8). Fig. 5.8a shows a peak of 𝐸𝑦 at low water activity for extrudates with 20 % sucrose 
content stored at room temperature just for 2 months; while for samples with various aging times (from few 
months up to 24 months) 𝐸𝑦 shows only a plateau region for low water activities and no maximum in 𝐸𝑦 (Fig. 
5.8b). The increase of Young modulus in the glassy state when aw increases is called “anti-plasticization”. This 
effect was already described in literature (Chang et al,. 2000), for ultimate stress on crackers (Lewicki et al,. 
2004), for 𝐸𝑦 on extruded corn balls (Mazumder et al,. 2007), for deformation force on cheese balls (Harris 
and Peleg 1996) and for 𝐸𝑦 of extruded breads (Fontanet et al,. 1997). The increase in rigidity as the water 
activity increases has been explained by (Harris and Peleg 1996) as a result of partial plasticization of air cell 
wall material increasing the cohesion and hence the toughness of a product structure. On one hand, at very 
low water activity, the structure of cellular products collapses rapidly and its destroyed elements offer no 
resistance to deformation. On the other hand, partial plasticization is accompanied by toughening because 
moistened structure does not disintegrate so easily (Lewicki et al,. 2004). When considering samples at 
different storage times, 𝐸𝑦 did not show any increase with increasing water content: the anti-plasticizing 
effect was not visible when we introduced aged samples in the set of results.  
The samples at low water activity had higher Tg s and were not able to age as fast as glassy samples 
stored close to their glass transition. So possibly due to the difference of sample densification during storage, 
an anti-plasticization effect can be seen; when considering long term storage allowing densification for all 
samples, this effect is no longer visible. (Lourdin et al,. 2002) suggested that during aging of the glassy solids, 
the materials became less compliant with the mechanical relaxation time progressively increasing. The 
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progressive change in material properties occurred over a timescale similar to the slow densification of the 
amorphous glasses, characteristic of structural relaxation in the glassy state. 
At low water content, 𝐸𝑦 increased with increasing sucrose content and there was a positive 
correlation between 𝐸𝑦 and bulk density (0.21-0.42 g/cm
3) for sucrose-containing (0-20%) samples,  that can 
explain the hardness of sample with higher sucrose contents. Indeed, (Barrett et al,. 1995) worked on corn 
extrudates containing 0-10 % wt sucrose, and showed that increased sucrose content induced higher density 
and reduced mean cell size, which resulted in an increase in compressive resistance of dry extrudates. 
The onset of 𝐸𝑦 decrease was observed at aw 0.64, 0.47 and 0.43 for extrudates with 0, 10 and 20 % 
sucrose content respectively; this 𝐸𝑦 decrease onset was called “mechanical 𝑇𝑔” (Fig. 5.8). The relationship 
between 𝐸𝑦 and water activity was fitted with a mathematical equation based on the Fermi function (Eq. 
5.6). The estimated values of the model constants are reported in Table 1 for each extruded sample under 
study. The critical water activity, awc decreased from 0.70 to 0.59 when sample contained more sucrose. The 
decrease in hardness above awc is due to increased plasticization by water and sucrose leading to a softening 
of the matrix. The slope of hardness changes versus water activity increased with the sucrose content 
increase, showing the higher sensitivity of sucrose containing samples faced with RH changes.  
 
3.4 Physical change–glass transition relationships 
The shelf-life and textural properties of food products are closely related to their mechanical and thermal 
properties. The physical state, water mobility, and water-solid interactions affect storage stability, textural, 
and functional properties of food (Farroni et al,. 2008). DSC results showed heterogeneities of composition 
in the studied material, characterized by different glass transition temperatures. This also will lead to 
differences in the water content of the two phases at equilibrium water activity (Tedeschi et al,. 2016). 
(Nicholls et al,. 1995) concluded that, for low moisture cereal products, the brittle-ductile transition, and 
hence the loss of brittle texture, is not necessarily due to changes associated with the glass transition. 
Therefore, prediction of brittle textures from the determination of Tg alone is not possible and it appears 
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necessary to study dynamical changes occurring in the glassy state to explain textural or brittle-ductile 
changes.  
Several authors have coupled sorption isotherms data with those of glass transition temperatures, in 
order to obtain the critical conditions for food storage (Roos 1995, Roos et al,. 1998, Karel et al,. 1994, 
Ostrowska-Ligęza et al,. 2014). Hence, this stability map allows the calculation of both critical aw (awc) and 
water content (Wc) for extrudates storage. In Fig. 5.9  Tgl  was used to establish this stability map as the first 
detected (at low temperature) phenomenon involved in the sample phase transition. The critical water 
activity, awc (0.63 and 0.72 for sample with and without sugar for Tgl ); 0.59 and 0.68 for sample with and 
without sugar for Tgh ) and water content, 𝑊𝑐 (24.6 and 14.7 % for sample with and without sugar for Tgl ; 
14.9 and 9.7 % for sample with and without sugar for Tgh ) were estimated for an ambient temperature of 25 
°C. The samples were the most stable at, or below, awc and 𝑊𝑐 at storage temperature (25 °C). 
The value of critical water activity and water content for samples containing sucrose are lower than 
for samples without: these lower values reflect that the sucrose-containing product will go through 
undesirable changes in textural properties after water sorption in the glassy state, in an easier way than the 
products without sucrose. 𝑊𝑐 decreased from 14.9 to 9.7 % for the 10 % sucrose addition. When stored at a 
higher temperature, the stability criteria will change to lower values of aw and water content and the sample 
will suffer physical transformations such as collapse, stickiness and crispness loss when stored at the critical 
values determined for 25 °C. Mathematical models for mechanical properties, and sorption isotherm of 
extruded samples with 0 and 10% sucrose are plotted together in Fig.9a and 9b, with a polynomial curve 
fitting to visualize the temperature range for glass transition. Water content corresponding to the low glass 
transition temperature (Tgl ) equal to 25 °C ranged from 9.7 to14.6 % (for 10% sucrose sample) and from 14.8 
to 24.6 % for sample without added sucrose (Fig. 5.9). For both samples at this water content, the Young’s 
modulus showed a sharp decrease due to the softening. For sample at 20% sucrose (data not show), the loss 
of rigidity corresponded to the rheological changes attributed to the glass transition occurring below 25 °C. 
The critical water content for Mechanical Tg  was the water content at the onset of 𝐸𝑦 decrease. It is 
noticeable that it was lower than the critical water content for Tgl for the sample at 0 and 10% sucrose 
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content. For 20 % sucrose (Fig. 9c), mechanical Tg and Tgl are in agreement, probably because the 
Tg  corresponded to the glass transition of sucrose rich-phases. It is important to notice here that the water 
contents for the “Mechanical Tg ” taken as the onset of 𝐸𝑦 decrease corresponded to samples which were 
still in the glassy state, even if considering the lowest visible glass transition Tgl . The textural changes could 
thus be caused by the glass transition of a minor phase, which may not be visible on DSC thermograms (Slade 
and Levine 1993). 
 
4. Conclusions  
In this work, the effect of sucrose addition on the water sorption, glass transition and mechanical properties 
was investigated. Increasing the sucrose content of extrudates resulted in a significant increase in both RH 
sensitivity and Young’s modulus of dry extruded products and caused a reduction in the glass transition 
temperature, critical water content and critical water activity of extrudates. The so called anti-plasticizing 
effect for glassy material that was described for mechanical properties when water content was increased 
may be correlated to an intermediate state of material aging, leading to a denser material. A detailed analysis 
of DSC curves supported the idea that multiple endothermic events could be associated with the coexistence 
of several phases or heterogeneities into extrudates. Sucrose seemed to result in extrudates with higher 
hardness in the glassy state but lower stability above this temperature with sharper changes in mechanical 
properties. These results clearly showed the need for complementary techniques to probe the dynamic in 
the glassy state that could be facilitated in low density zones having lower Tg  value and then to manage the 
stability during storage of this type of dry products. For example, a deeper knowledge of water dynamics 
using NMR will be carried out. 
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Fig. 5.1 Effect of sucrose content and water processing on adsorption isotherm curve of extrudates breakfast 
cereal model. Water sorption data obtained by dynamic vapor sorption instrument (DVS) at 25 oC and 
saturated salt solution method (SSS) at ambient temperature. Line corresponds to the fit with GAB model. 
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Fig. 5.2 Effect of water content on the DSC thermograms; (a) 1st heating scan and (b) 2nd heating scan at 
10oC/min) of extruded sample containing 10 % sucrose content; (c) effect of sucrose content on the DSC 
thermograms (1st heating scan at 10 oC/min) of extruded products equilibrated at 𝑎𝑤 at 0.33 
-50 -25 0 25 50 75 100 125
a
w
 0.84
H
e
a
t 
F
lo
w
 (
W
/g
) 
E
n
d
o
  
  
  
Temperature (
o
C)
a
w
 0.75
a
w
 0.58
a
w
 0.44
a
w
 0.33
a
w
 0.23
a
w
 0.11
a
w
 0
0.1 W/g
(a)
-50 -25 0 25 50 75 100 125
a
w
 0.84
a
w
 0.75
a
w
 0.58
a
w
 0.44
a
w
 0.33
a
w
 0.23
a
w
 0.11
H
e
a
t 
F
lo
w
 (
W
/g
) 
E
n
d
o
  
  
  
Temperature (
o
C)
a
w
 0
0.1 W/g
(b)
25 50 75 100
0 %
5 %
10 %
15 %
 1st heating scan
 2nd heating scan
H
e
a
t 
F
lo
w
 (
W
/g
) 
E
n
d
o
  
  
  
 
Temperature (
o
C)
Sucrose content
20 %
0.05 W/g
(c)
Chapter 5: Identification of complex glass transition phenomena by DSC in expanded cereal-based food extrudates: 
impact of plasticization by water and sucrose. 
 
148 
 
-50 -25 0 25 50 75 100 125
2
nd
 heating scanH
e
a
t 
fl
o
w
 (
W
/g
) 
E
n
d
o
 
Temperature (
o
C)
0.1 W/g
1
st
 heating scan
 
Fig. 5.3 Effect of sample storage history; first and second heating scan DSC thermogram at 10 oC/min) of 
extruded sample containing 10 % sucrose stored for 24 months and equilibrated at 𝑎𝑤 at 0.33 (), 
dehydrated at 𝑎𝑤 ~ 0 (—) and rehydrated at 𝑎𝑤 0.33 (—). 
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Fig.4 Curve fitting plot of derivative curves of extruded sample: (1,) heat flow of second heating 1 
scan; (—) experimental data; (····) and (- - -) Gaussian curves corresponding to two glass transition 2 
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Fig. 5.4 Curve fitting plot of derivative curves of extruded sample: (1,) heat flow of second heating scan; 
(—) experimental data; (••••) and (- - -) Gaussian curves corresponding two glass transition events; (2,—) 
summation of Gaussian function. 
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Fig 5.5 Overlay experimental data (solid line) and Gaussian curve (black thin line) of DSC thermogram (2nd 
heating scan at 10 oC/min) for extruded products containing sucrose 0, 10 and 20 % (db) at 𝑎𝑤 0.23 (a), 0.33 
(b), 0.58 (c) and 0.75 (d). 
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Fig 5.6 Evolution of glass transition temperatures versus water activity for extruded samples with 0 % (), 
and 20 % () sucrose content; (a): 𝑇𝑔𝑙 and (b): 𝑇𝑔ℎ. The lines represent Gordon-Taylor fitting for extruded 
samples with 0% (—) and 20% (••••) sucrose content. 
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Fig. 5.7 Glass transition temperature for extruded sample with 10% sucrose; 𝑇𝑔𝑙 (a) and 𝑇𝑔ℎcompared with 
𝑇𝑔ℎ (b). The lines represent 𝑇𝑔fitting with Gordon-Taylor model (—) for Tgl and (—) for 𝑇𝑔ℎ. The 
temperature range calculated from FWHM of Gaussian curve fitting are represented by dot lines and 
highlighted zones. The symbols represent experimental data for (□) for 𝑇𝑔𝑙and ( ) for 𝑇𝑔ℎ. 
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Fig. 5.8 The fit of Fermi function (line) with experimental data (symbol) for extrudates with 20% sucrose 
content stored for 2 months (—,Δ) and up to 24 months (——,■) after processing (a) and the fitting of average 
data for sample with 0 (- - -, ), 10 (- - -,○) and 20 (—,Δ) % sucrose content stored for up to 24 months (b). 
Lines and symbols represented Fermi fitting and experimental data, respectively. 
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Fig. 5.9 Scheme view of mechanical properties (—) relationship with water activity (—) and low glass 
transition temperature (Tgl) (-∙-) and its range () of extruded sample with 0% (a), 10% (b) and 20% (c) 
sucrose along water activity scale. The zone of critical water content corresponding to glass transition and 
critical water activity at 25 oC. 
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Table. 5.1 Fitted values of glass transition data to the Gordon-Taylor equation (Eq. 5.4) and fitted values of 
Young’s modulus change caused by hydration to the Fermi equation (Eq. 5.7) 
Sample 𝑻𝒈𝒍  𝑻𝒈𝒉  Fermi fitted value 
(% Sucrose content) 𝑻𝒈𝒔(
oC) 𝑘𝒔  𝑻𝒈𝒔(
oC) 𝑘𝒔  𝑌𝟎(GPa) 𝑎𝒘𝒄 𝑏 
0 129.90 2.77  130.10 1.63  0.359 0.70 0.003 
10 118.38 4.16  119.83 2.47  0.678 0.64 0.07 
15 105.54 5.37  117.56 3.34  - - - 
20   81.25 5.09   108.65 4.02  1.057 0.59 0.14 
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Abstract  
Results of preliminary studies concerning proton dynamics within extrudate cereal-based-products are 
reported. The extrudates, prepared with a twin-screw extruder, are composed of wheat flour, gluten, 
salt, and sucrose. Low-field nuclear magnetic resonance spectroscopy (LF NMR) at 20 MHz was used 
to determine relaxation times T1, T2 and second moment (M2) and Fast field Cycling relaxometry (FFC 
NMR) technique was used to follow the change in relaxation time, T1 in the 0.01-20 MHz frequency 
range in samples at different sucrose content (0, 10 and 20%), and humidity (11 - 75% RH). Addition of 
plasticizer, such as sucrose, caused an increase in magnitude of Solid echo signal, a decrease of T1 and 
M2, while T2 decreased at low water content (8 %). For FFC NMR, sugar addition clearly modifies the 
low-frequency part of as a function of Larmor frequencies profile while the high-frequency region is 
unchanged. The T1 measured by FFC NMR for extrudates stored at 75% RH showed lower mobility than 
that of samples stored at 11%RH. T1 values at 20 MHz determined using both FFC NMR were consistent 
with the T1 values measured by LF NMR. These results should contribute to understand and control 
impact of sucrose and water on the physical properties that govern the gustative qualities of the 
cereals and also improve their shelf life. 
 
Keywords: Expanded extrudate, Sucrose, Water, FFC MNR, LF NMR, Molecular mobility 
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1. Introduction 
Dry cereal products are hygroscopic due to chemical composition, porosity and presence of 
starch in amorphous state and may undergo substantial quality changes associated with water 
adsorption. Water content correlated with water activity affects crispness, fragility and plasticity of 
cereal products (Marzec and Lewicki 2006). Extrudates texture changes have been studied as a 
function of aw and evidenced an anti-plasticization effect of water (Pittia and Sacchetti 2008), these 
materials have also shown physical aging (Masavang et al,. 2019). Since it was first introduced, the 
concept of aw has been regarded as an index of water availability in food systems. Aw measurement is 
based on the assumption that, in thermal equilibrium, the partial vapor pressure above a product is 
the same as that of pure water within it. Unfortunately, equilibrium can be considered satisfied only 
in very dilute food systems (Slade and Levine 1991). Moreover, the limits of the use of this 
physicochemical parameter describing some structural aspects and phenomena of metastable 
amorphous food materials are recognized. Such matrices are better explained in terms of water 
mobility (Slade and Levine 1991). As nuclear magnetic resonance spectroscopy (NMR) reveals 
information about molecular structure and mobility, it became one of the most powerful non-
destructive analytical tools to study water mobility. Wheat cereal products consist of complex 
multiphasic biopolymer matrices that interact strongly with water, thereby complicating the prediction 
of food’s properties and behavior. These matrices are heterogeneous at the microscopic scale, which 
affects their macroscale properties (Kovrlija and Rondeau-Mouro 2017). Moreover, most changes in 
foods, including changes in their composition, structural and mechanical properties, are caused by 
diffusive processes in one form or another that occur at different scales and include both water and 
biomolecules. Amongst the latter, starch is one of major components of cereal foods and the 
properties of starch and interactions with other constituents, particularly with water, are of great 
interest to the food industry (Delcour et al,. 2010). Therefore, studying the mobility of water provides 
important information in understanding the water dispersion in heterogeneous food system. 
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Low field-proton NMR (LF NMR) is a one of the most powerful techniques for determining the 
changes in water mobility, and the dynamic molecular interactions. Relaxation of spins occurs because 
of the interactions between individual spins and between a spin and its environment. NMR relaxation 
involves the processes whereby, after absorption of the radiofrequency energy, the excited nuclei 
(protons) in the sample return to thermal equilibrium through energy release and exchange with the 
surrounding lattice. NMR signal is commonly analyzed in term of two separate processes, each with 
their own time constants; spin-lattice (T1) relaxation time involves a transfer of energy between the 
spins and the environment, whereas spin-spin relaxation (T2) time processes are entropic processes 
that involve the dephasing of nuclear spins. The relaxation process occurs through fluctuations in 
magnetic field due to random molecular motions, both rotational and translational (Blümich et al,. 
2009). Due to the different nature of the molecules, their environment and their interactions, the 
recorded NMR signal is the combination of the contributions of all the nuclei that relax differently. But 
multi-component signal can also be observed for a single molecule type but localized in various regions 
(proton compartments) of the sample, or in interaction/exchange with other molecules. This is the 
case for water molecules in complex samples like foods and more specifically in starch-based matrices 
(Kovrlija and Rondeau-Mouro 2017). The qualitative and quantitative analyses on the mobility of water 
interacting with starch or flour have been extensively reported (Leung et al,. 1983, Leung et al,. 1979, 
Kim and Cornillon 2001). NMR relaxation is also a convenient method for the continuous monitoring 
of products during processing up to their final structure (Mortensen et al,. 2005, Kovrlija and Rondeau-
Mouro 2017, Rondeau-Mouro et al,. 2015). Although much research has been conducted on the 
mobility (dynamic) of starch-water systems, few data are available on their T1 proton relaxation time. 
These investigations were mainly performed in low magnetic fields and usually consisted of varying 
the measurement temperature, the water content or a combination thereof.  
The relaxation process perpendicular to the field direction is characterized by transverse 
relaxation time T2. Several typical pulse sequences for T2 studies are used (FID, CPMG, and Solid echo). 
The CPMG sequence is the standard sequence for measuring the transverse relaxation decay, but 
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cannot compensate for additional phase spreading of transverse magnetization when investigating 
solid materials with dipolar couplings such as polymers. To resolve this, the solid echo sequence can 
be employed where the refocusing pulse is a 90o instead of a 180o rf pulse (Wang and Ramshaw 1972). 
The benefit of the solid echo sequence is averaging of the homonuclear dipole-dipole interaction 
between spins pairs, which is largely responsible for the T2 relaxation of solid materials (Fan et al,. 
2013).  
  Fast Field Cycling relaxometry (FFC NMR) is a NMR technique that has been recently proposed 
for food applications and it might provide additional insight in extrudate molecular dynamics. FFC 
measures longitudinal relaxation times (T1), applying a variable magnetic field to the sample to obtain 
T1 at different frequencies and, consequently, widening the range of 1H molecule motions that can be 
measured (Curti et al,. 2011). Nuclear Magnetic Resonance Dispersion (NMRD) profiles (1/T1 = R1 vs 
frequency) are particularly valuable to assess the interactions of water molecules with paramagnetic 
and large-sized macromolecular systems (Baroni et al,. 2009a). In particular, the relaxation profile is 
dominated by the magnetic field dependence of rotationally immobilized protons, dynamically 
coupled to the spin-lattice relaxation of water protons. The FFC technique has been previously applied 
to food matrices like mozzarella and Gouda cheese (Godefroy et al,. 2003), eggs (Laghi et al,. 2005), 
and balsamic vinegar (Baroni et al,. 2009b) to study the water distribution and interaction with the 
different food components. For low moisture food, the molecular of white bread loaves were 
characterized by multiple proton NMR techniques (proton FID, T2, and T1 relaxation times) over 14 days 
of storage (Curti et al,. 2011). Changes at a molecular level were observed during storage. The results 
showed a faster decay of proton FIDs and a shift of proton T2 relaxation time distributions toward 
shorter times, indicating a proton mobility reduction of the bread matrix with storage time. Multiple 
T2 populations were observed and tentatively associated with water-gluten and water-starch domains. 
Protons T1 of bread was measured at variable frequencies (FFC NMR) and was found to be strongly 
dependent on frequency and to decrease in bread during storage, especially at frequencies equal or 
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lower than to 0.2 MHz. In most cases, the phenomenon under study was better resolved at low 
frequencies (Guine and Correia 2014). 
The main objectives of this work was to understand and interpret the NMR signal measured 
for cereal based extruded products. This work was undertaken to study the effect of sucrose content 
in extrudates, focusing the attention on water dynamics and = molecular changes occurring during 
storage at 11 and 75% RH (Relative Humidity), by means of LF NMR spectroscopy at 20 MHz to 
determine relaxation time T1, T2 and second moment (M2). More particularly, FFC NMR technique was 
applied to follow the change in relaxation time T1 in the 0.01-20 MHz frequency range.  
  
2. Experimental        
2.1 Preparation of the extruded samples 
Commercial grade wheat flour, wheat starch, gluten and sucrose were supplied by ADM CHAMTOR 
(Les Sohettes, France). The extrusion of the ingredient blends containing 0, 5, 10, 15 and 20% wt 
sucrose with wheat flour 53–73% wt, wheat starch 16% wt, gluten 16% wt and sodium chloride 1% wt 
was carried out in a Clextral BC-45 intermeshing twin-screws extruder with a 1.5 m long barrel using 
10% wt initial moisture content (dry basis). The barrel heating zones were at 80 °C, 130 °C and 160 °C 
(±2 °C). A 6.0 mm circular die was fitted to the end of the barrel and used to produce the cylinder-
shaped extrudates. The screw speed was 150 rpm. Feed rates were controlled: the solid feed at 
36 kg/hr and water input of 4 L/hr, giving a water content of 19.5–24.5% water content of molten 
material in barrel depending on blend formulation and ∼10% water content in the final extruded 
samples. After extrusion, samples were dried in oven during 5 min at 150 °C and after cooling, they 
were hermetically sealed in bag to be kept at ambient temperature.  
A series of samples at different water contents have been prepared by controlling the relative humidity 
(RH) inside the NMR tube. For doing so, glass tubes containing samples were stored over saturated salt 
solutions in hermetic containers until equilibrium was reached; the tubes were then sealed before the 
NMR measurement. Because sorption isotherms are known for all studied samples, the results are 
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given as a function of relative humidities used to equilibrate the water activities in products or as a 
function of water content. 
 
2.2. NMR measurements 
2.2.1 Inversion recovery experiment to determine T1 (using 180o--90o pulse sequence) 
Proton relaxation NMR experiment were performed under standard conditions using a Bruker 
bench top Minispec model mq20 (Bruker Spectrospin Ltd.) operating with 0.47 T magnetic field, 20 
MHz resonance frequency, 40 oC magnet temperature was used, and samples were studied at 25 °C. A 
piece of sample was sealed in 10-mm diameter NMR glass tube for analysis. Typically 16 scans were 
accumulated with a recycle delay of 1.5 s, it was chosen to be at least five times T1. Maximum 
amplitude values (A) of the longitudinal relaxation curves were recorded at delay time () ranging from 
0.08 ms to 3 s. The 90o pulse width was 13 s. T1’s were accumulated from separate time windows 
beginning at 0.016 ms for 0.013 ms duration which were called 1st and and beginning at 0.1 ms for the 
same duration for the 2nd window. The objective of the determination of T1 in these 2 windows (one 
more focus on solid part on the sample, and the other corresponding to higher mobility proton 
population) was to evaluate the homogeneity of the spin-lattice relaxation. The result of each 
component were fitted to one exponential: 
𝐴(𝑡) = 𝐴1𝑒
(−𝑡 𝑇1⁄ )        Eq. 6.1 
with 𝐴(𝑡) that represents the NMR signal intensity at time 𝑡, 𝑇1𝑊1 and 𝑇1𝑊2 corresponds to the spin-
lattice relaxation times measured in the time ranges window 1 and 2 respectively. 𝐴1 is proportional 
to the number of protons in the population. All determinations were performed in duplicate, and 
results were averaged. Curve fitting and graphical analysis was performed using OriginPro 2017 for 
Windows (OriginLab, Northampton, USA). 
2.2.2 Solid echo relaxation measurement 
The spin-spin relaxation time (T2) of water protons was measured in triplicate for each 
moisture level. Samples were analyzed at 25 oC with the solid echo pulse sequence by using a Minispec 
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PC/20 spectrometer (Bruker, Karlsruhe, Germany) working at 20 MHz: 90x-(𝜏-90y-𝜏-echo). Solid echo 
sequence were used to characterize the least mobile proton pools. 128 scans were accumulated with 
-value of 12 s. The echo was recorded 10 s after the second pulse. Repetition delay was set to 2 s. 
to minimize the signal/noise ratio and to prevent signal clipping, the number of scans, as well as the 
amplification factor, were adjusted according to the moisture content of the analyzed samples. 
Relaxation curves obtained from the solid echo sequence were analyzed using Eq. 6.2 (OriginPro 2017 
for Windows, OriginLab, Northampton, USA). The T2 for the rigid part is  very short and correspond to 
a highly structured phase; the signals were fitted with   model derived of Abragam theory for highly 
rigid element relaxation (van den Dries et al,. 1998) : 
𝐼(𝑡) = 𝐼1 𝑒𝑥𝑝 (−
𝑎2𝑡2
2
)
2
sin 𝑏𝑡
𝑏𝑡
+ 𝐼2 𝑒𝑥𝑝 (
−𝑡
𝑇2
) + 𝐼0     Eq. 6.2 
where 𝐼(𝑡) is the intensity of the total relaxation signal, 𝑡 is the time of the relaxation process, 𝑎 and 
𝑏 is a constant defining the polar-polar interactions in the rigid part, T2 is the spin-spin relaxation time 
of the more mobile population, 𝐼1 and 𝐼2 correspond to the amplitude of the rigid and flexible proton 
populations respectively. The NMR shape with a total 2𝑏 (s-1), convoluted with a Gaussian line shape 
with a standard deviation given by the parameter 𝑎 (s-1). The rigid and mobile proton populations were 
characterized with their second moment M2, and transversal relaxation time, T2, respectively. 
 The second moment, M2 (s-2) reflects the strength of dipolar interactions in which the rigid 
protons are involved (van den Dries et al,. 1998); and thus, it inversely correlates to the molecular 
mobility of the rigid fraction. It is calculated with the following equation: 
𝑀2 = 𝑎
2 +
1
3
𝑏2         Eq. 6.3 
2.3 FFC relaxometry measurement 
Samples were put inside 10-mm-diameter NMR tubes (typical weight of a dry sample is 300 
mg). The measurements of the spin-lattice relaxation times (T1) were performed at the Institute of 
Molecular Physics, Polish Academy of Science (Poznań, Poland) on a fast field cycling spectrometer 
(Stelar, Italy). This spectrometer allows operating T1 measurements as a function of the magnetic field 
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corresponding to proton Larmor frequencies varying from 0.01 to 20 MHz. Proton spins of the system 
are first polarized in a magnetic field corresponding to a Larmor frequency of 10 MHz, for a duration 
corresponding to about five times the T1 estimated at this frequency. The magnetic field is then 
switched to the measured value of interest for a variable period τ (varying from 3 ms to four times the 
T1 estimated at the previous frequency of measurement). Experiments were repeated 16 times to 
increase the signal-to-noise ratio for each acquisition. The values of the relaxation time (T1) were 
computed by fitting the decay curve of the magnetization as a function of τ by an exponential function. 
The complete dispersion is obtained by repeating this procedure for the 30 different measured field 
values, ranging from 0.01 to 20 MHz. T1 profiles were recorded at 25 °C, stabilized by a flow of nitrogen. 
  
Results and discussion 
3.1 Spin-Lattice Relaxation (T1) 
The proton longitudinal or spin-lattice relaxation times (T1) for extruded samples, plotted as a 
function of sucrose and water content are shown in Fig. 6.1 and 6.2. T1 was studied in two ranges of 
times depending on values of delay before amplitude signal record: one corresponding to almost the 
maximum amplitude (window beginning at 16 µs), and another window beginning at 100 µs to probe 
only the population with an higher T2. Whatever the window considered, the relaxation times T1 were 
fitted with a single exponential for all samples at all humidities and sucrose levels considered (Fig. 6.1 
and 6.2). T1 is decreasing when water content is increased in samples but no effect on the sucrose 
concentration was detected for samples containing water. For samples with a water content higher 
than 7.5g/100g dry solid show the same T1 values whatever the time sampling window; but for lower 
water contents, two distinct T1 was calculated: T1W1 higher than 125 ms when determined during the 
first window; and T1W2 lower than 100 ms for the second window. These two values for T1 at low water 
content could be due to the coexistence of several phases in the samples, showing slightly different 
viscosities, and these density fluctuations in the material could be not so detectable at higher water 
content.  
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Partanen et al,. (2004) studied the effect of plasticizer in amylose-glycerol films and they 
observed that T1 values decreased by the incorporation of plasticizer into these samples at low water 
content. Their result suggested that in the glassy state, glycerol may decrease amylose mobility and 
act as an anti-plasticizer. Both Kou et al,. (2000) and Tanner et al,. (1991) observed that sorption of 
water by dry sample caused a decrease in the T1 of water adsorbed on the biopolymer surface. Given 
this observation, Kovrlija and Rondeau-Mouro (2017) concluded that moisture content determines the 
T1 relaxation path for the starch protons. 
 
3.2 Relaxation time (T1) measured with FFC NMR 
The T1 values were plotted as a function of Larmor frequency for 0 and 10% sucrose extrudates 
and stored at 75% RH (Fig. 6.3a) and for extrudates containing 10% sucrose stored at both 11% and 
75% RH (Fig. 6.3b). All the curves showed power law dependence of the spin-lattice relaxation rates as 
a function of the proton Larmor frequency and terminate in a plateau at low frequency range (lower 
than 0.1 MHz). Sucrose addition in extrudate formulation decreased T1 values in samples stored at 75% 
RH (Fig. 6.3a) but the impact is better seen for low Larmor frequency domain than for higher ones. For 
low frequencies, small amplitude rotational movements could be better probed than at high 
frequencies. Free water movements in non-homogeneous porous material includes translational 
motion and rotational motion. The rotational dynamics are much more affected by the confinement: 
they decay much more slowly (Bakhmutov 2004, Li et al,. 2016). The faster the motions are, the lower 
is the dipolar interaction efficiency, thereby favoring longer T1 values and shorter relaxation rate (R1) 
values. Conversely, slower dynamics can be associated with shorter spin-lattice relaxation times 
because of stronger nuclear dipolar interactions (Bakhmutov 2004). In hydrated material, Rachocki and 
Tritt-Goc (2014) suggested that the relaxation may be dominated by the translational diffusion 
contribution in the low frequency range in more hydrated matrices. In addition, Meier et al,. (2013) 
reported that the low-frequency contribution originates from translational modulations of the 
intermolecular dipole–dipole interactions, whereas the (larger) high-frequency part reflects the 
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rotational influence on the intermolecular interaction resulting from the non-central positions of the 
nuclei in the molecule. As water content was increased, T1 decreased for extrudate with 10% sucrose 
(Fig. 6.3b), indicating that molecular mobility decreased. This is in good agreement with the results 
observed by LF NMR. To go further, T1 values obtained by LF NMR and FFC NMR were compared (Table 
6.3), and they are in the same order of magnitude whatever the two equipments used.  
 
3.3 Spin-Spin relaxation measurement 
3.3.1 NMR signal 
To investigate low spin-spin relaxation times, the solid echo sequence are used, being specific 
to characterize the proton pools associated with the rigid matrix (Fig. 6.4). Spectrum fitting is described 
by two components (Eq. 6.2): each ascribed to one pool of protons; the first one corresponds to the 
rigid population defined by M2 (Eq. 6.3) and the second pool with longer relaxation time (mobile 
population). The acquired solid echo signal exhibited for all samples a damped sinusoidal or beat 
pattern at approximately 0.05 ms (Fig. 6.4), reflecting strong dipolar interactions between the protons 
of the rigid component (Roudaut et al,. 2009). 
 This damped sinusoidal or beat pattern has also been depicted for FID signal in glassy 
oligosaccharides such as maltose (van den Dries et al,. 1998, Derbyshire et al,. 2004), maltodextrins 
with different dextrose equivalent (Grattard et al,. 2002), film of arabinoxylans extracted from wheat 
flour (Rondeau-Mouro et al,. 2011) or starch (Partanen et al,. 2004, Roudaut et al,. 2009). The 
sinusoidal pattern became less pronounced as the water and sucrose content increased (Fig. 6.4). We 
interpreted this observation as a decrease of strength of dipolar interactions in the sugar-water (van 
den Dries et al,. 2000). Partanen et al,. (2004) in amylose-glycerol films, suggested that beat pattern 
reflects the increase in molecular mobility of amylose through plasticization by water. They also 
pointed that the beat was observed even at the highest plasticization level (30% glycerol, 95% RH), 
indicating that the mobility of a significant fraction of amylose protons, most probably those involved 
in ordered regions, is not significantly increased by water and glycerol plasticization. In the present 
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study, the sinusoidal pattern remained very pronounced when sucrose content decreases at low 
relative humidity (Fig. 6.4a and b). However, this pattern became less pronounced with sucrose 
increase at high relative humidity. Sucrose seemed to induce dipolar interactions in the biopolymer-
sucrose matrix at low water content, while an increase in water content showed the opposite effect. 
Roudaut et al,. (2009) suggested that increasing the sample water content may cause a decrease of 
proton density (which depends on both number and strength of dipolar interactions) and thus a 
decrease of dipolar interactions. Solid echo curves were fitted with Eq. 6.2 to obtain quantitative 
information about the relaxation time and percentage of protons belonging to the most rigid and most 
mobile proton populations. 
3.3.2 Second moment (M2) 
M2 increase with sucrose content (Fig. 6.5) because sucrose molecules give more dipolar interactions 
with others molecules in the mix or even with other sucrose molecules in its close environment. For 
the various extruded samples stored at different RH, second moments M2 diminished as the moisture 
were increased which indicated weaker proton dipolar strength which in turn has been attributed to 
an increase in the anisotropic mobility and/or average distances of the polysaccharide protons (van 
den Dries et al,. 2000, Rondeau-Mouro et al,. 2011, Ying et al,. 2011). Moreover, Partanen et al,. (2004) 
explained that water has higher proton densities than amylose. Therefore, increasing water content 
yields increases overall proton density. Thus the decrease in the second moment could be related to 
the plasticization of starch macromolecules resulting in increasing molecular mobility. M2 was much 
higher in the sucrose-containing samples than in the sucrose free ones, for a given water content. This 
suggested a sucrose-induced reinforcement in dipolar interactions between the protons of the rigid 
component. Moreover, sucrose seemed to decrease the sensitivity to water effect because the slope 
of M2 as a function of water content is lower with 20% sucrose. Such a reinforcement of interactions 
has previously been suggested for glassy starch based-product (Roudaut et al,. 2009).  
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3.3.3 Spin-spin relaxation time, T2 
A1 and A2 are signal amplitudes of respectively, the rigid and mobile proton populations and 
should be described with respect to the proton density or number of protons of the two popilations in 
the extrudates (Farhat et al,. 1996). As the water content increased, all samples displayed the 
proportional number of proton for rigid component decreased, while that of mobile component 
increased (Table. 6.1) which was consistent with a greater polymer segmental mobility induced by 
plasticization by water. At higher water content, the rate of proton exchange between water and 
starch hydroxyls groups became important on the time scales of the NMR relaxation measurement 
(Farhat et al,. 1996). The increasingly effective exchange is demonstrated by a decrease in the 
proportional number of A1 and an increase in proportional number of A2:  the higher sucrose content, 
the larger the changes of the rigid component amplitude. At low water content, a proportional number 
of rigid component (A1) increased, while A2 decreased as sucrose content increased, the inverse effect 
was observed for extrudates stored at high % RH. This suggests that sucrose contributed to the NMR 
signal, resulting from sucrose-biopolymer interaction at low water content. At high water content, the 
entire sucrose content was hydrated in the aqueous phase at approximately of 20% moisture content 
(corresponding to 75% RH). T2’s (corresponding to the mobile population) for all sample decreased 
with increasing water content (Fig. 5) up to 5.5 g/ 100 g dry solid (~45% RH) and then a T2 minimum 
value was observed. This T2 minimas were shifted to higher water content with increasing sucrose 
content. Ablett et al,. (1978) observed the T2 minima as a function of temperature for agarose and they 
explained that the minimum in the observed T2 value involved an increasingly effective exchanges of 
water protons with exchangeable protons (mainly with hydroxyl groups) of  macromolecules or a more 
rigid proton species. 
The sucrose effect on mobility in extrudates seemed similar to the mechanical properties of 
the material: the sucrose addition depressed the calorimetric glass transition of the starch material 
but induced a decrease in mobility of the glassy matrix. Roudaut et al,. (2009) showed similar evolution 
of T2 for starch-sucrose system above 6% of water, the T2 values were affected by the sample 
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composition: the mobile protons of starch alone samples were more mobile than the ones of starch-
sucrose blends. Thus, sucrose reduced both the rigid and mobile protons mobility by reinforcement of 
the dipolar interactions strength. The minimum observed on T2 versus hydration for all samples could 
relate to both a mobility change and /or consist in a protons displacement from the rigid population 
to mobile population: the most mobile protons of the 1st population shifting towards the 2nd population 
would thus reduce the average mobility of 2nd population (Roudaut et al,. 2009). T2 values were also 
detected by extrapolation of the T1 behavior close to zero frequency for all studied samples and these 
observations are consistent with the results of the LF NMR measurement (Table 6.2). The mobile 
population represents the lower amplitude population in the water content range of samples but 
seems to be the one is detected with the T1 measurements, probably because the spin-lattice 
relaxation is only possible in these areas of the sample.  
 
4. Conclusion 
The roles of water and sucrose in extruded products were investigated by monitoring proton 
mobility using both LF  and FFC NMRs. The spin-lattice parameter (T1) decreased with addition of 
plasticizer. Water appears as a key parameter in the control of molecular mobiliy in the extrudates. 
Solid echo signal showed two T2 populations: “rigid” and “mobile” populations. T2 depended also on 
water content but showed a minimum probably indicating the exchanges of water protons with 
exchangable protons of the other molecules in the matrix. For higher water content, T2 increased with 
water content, while the impact of sucrose content was not significant at low water content. The 
second moment M2 was found to be sensitive to the relaxations of sucrose. The T1 frequency 
dependency showed a decrease in relaxation rate as sucrose and water content increased. For samples 
with different sucrose content, only low Larmor frequencies allowed to distinguish the samples, 
reflecting sucrose may change the ability of rotation/low amplitude translational mobility, but have no 
impact on higher frequency movements at the the proton scale. T1 for extrudates stored at 75% RH 
were higher than that of samples stored at 11%, meaning that higher water content induced lower 
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mobility in this range of water content. These results suggest that the study of molecular properties in 
extrudates at different frequencies by mean of NMR FFC techniques might be useful in monitoring 
molecular dynamics in extruded product and possibly should open prospects for a more fundamental 
study of heterogeneity and physical aging of complex biopolymer systems.  
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Fig. 6.1 Spin-lattice relaxation time constant (T1) at delay sampling window 0.016 ms for extrudates 
contained 0, 10, and 20% sucrose as a function of water content obtained by using single exponential 
fitting. 
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Fig. 6.2 Spin-lattice relaxation time constant (T1) at delay sampling window 0.1 ms for extrudates 
contained 0, 10, and 20% sucrose as a function of water content obtained by using single exponential 
fitting. 
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Fig. 6.3 Proton spin-lattice relaxation dispersion (T1) as a function of frequency: (a) extruded sample 
contained 0 () and 10 () % sucrose and stored at 75% relative humidity; (b) extruded sample 
contained 10% sucrose and stored at 11 () and 75% () relative humidity. 
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Fig. 6.4 Examples of spectra collection by the Solid echo sequence for extruded samples contained 0, 
10, and 20% sucrose content and stored at 11% (a), 32% (b), 58% (c) and 75% (d) relative humidity. 
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Fig. 6.5 Second moment (M2) calculating by Eq. 6.3 for extrudates contained 0 (), 10 (), and 20 (◊) 
% sucrose as a function of water content at 25 oC. 
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Fig. 6.6 Spin-spin relaxation time constant (T2) for extrudates with 0, 10, and 20% sucrose content: 
fitting with the combination of Abragam, Gaussian and exponential functions (Eq. 6.2) as a function of 
water content. 
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Table. 6.1. The combination of Abragam, Gaussian and exponential functions fitted values for Solid echo signal of extrudates with various sucrose content and 
stored at 11, 32, 58 and 75% relative humidity. 
Relative humidity 
(%) 
Sucrose content 
(%) 
Proportional number 
of proton for rigid 
component (A1) (%) 
Proportional number 
of proton for mobile 
component (A2)  (%) 
T2 
(ms) 
 a (ms-1)  b (ms-1) M2 
(103.s-2) 
11 0 91.00 9.00 0.15 65.01 115.57 8.68 
 5 95.56 4.44 0.32 74.33 106.98 9.34 
 10 96.23 3.77 0.42 72.24 111.11 9.33 
 15 96.41 3.59 0.55 65.82 125.26 9.56 
 20 96.80 3.20 0.56 67.53 123.08 9.61 
32 0 83.44 16.56 0.19 59.64 117.82 8.18 
 5 87.27 12.73 0.16 66.87 113.75 8.78 
 10 90.48 9.52 0.16 65.67 114.92 8.72 
 15 92.09 7.91 0.18 68.48 112.60 8.92 
 20 93.93 6.07 0.21 74.68 107.37 9.42 
58 0 77.50 22.50 0.26 61.34 111.85 7.93 
 5 73.69 26.31 0.35 56.18 115.14 7.58 
 10 78.73 21.27 0.23 59.74 113.54 7.87 
 15 79.16 20.84 0.22 62.63 110.50 7.99 
 20 80.37 19.63 0.23 70.37 102.51 8.45 
75 0 65.43 34.57 0.66 51.38 108.39 6.56 
 5 66.37 33.63 0.51 55.12 108.28 6.95 
 10 66.08 33.92 0.52 61.92 98.57 7.07 
 15 63.37 36.63 0.47 65.44 110.50 7.94 
 20 50.02 50.98 0.56 34.74 155.87 9.30 
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Table. 6.2. Relaxation time, T1 at 20 HMz and T2 extracted from the plot of T1 versus Larmor frequencies obtaining from FFC NMR (Fig. 6.6). 
Sucrose 
content (%) 
Relative 
humidity (%) 
LF NMR (20 MHz)  FFC NMR 
T1 (1st window) 
(ms) 
 
 T1 (ms) 
(20 MHz) 
T2 (ms) 
( 0 Hz) 
T2 (ms) 
(20 MHz) 
0 11 120.79   - - 97.29 
0 75 52.64   61.74 0.87 48.86 
10 11 148.65   189.79 1.66 97.13 
10 75 52.85   61.74 0.65 51.34 
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Discussion 
Extruded products exist in disordered non-equilibrium amorphous states and their dynamics 
are particularly important for the stability of systems with long-term shelf-life requirements. The 
physical state, water mobility, and water-solid interactions affect storage stability, textural, and 
functional properties of food. The objectives of this work were to evaluate how the presence of sucrose 
and water content affects physico-chemical properties. The physical stability of these materials were 
monitored at different molecular scales such as macroscopic, mesoscopic and molecular scales (Fig 
7.1). Sugar and water content significantly impacted on extrudate properties and showed both 
synergistic and antagonistic effects. To study  product stability, the combination of techniques  
provided a better understanding on this issue.   
 
Fig. 7.1 The effect of sucrose and water content on physico-chemical properties of extrudate through 
an insight at different scales. 
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In this work, we attempted to relate the water uptake and sucrose content to the thermal 
events occurring at glass transition temperatures and product stability in extruded cereal-based 
products and to determine the relationship between the temperature of these events and textural 
properties  observed by mechanical analysis. The studies provide a general view of the samples’ 
stability versus moisture taking into account : thermal phase behavior, and mechanical behavior in 
material containing several types of biopolymers and several plasticizers. More specifically, an 
alternative technique for the determination of multiple glass transitions in composite food, (the 
analysis of the DSC heat flow  derivative, by applying the two Gaussian functions) ghas proved useful. 
These approaches provided some insight into the dependency of observations on the sugar and water 
content. However, this is not easily achievable because the partitioning of water in multicomponent 
systems depends on the overall water content, but also on its distribution between  the components 
of food products. In such complex phase separating systems water content cannot be kept constant 
and, subsequently, the availability of water to plasticize the components of each phase is not directly 
controlled. The roles of water and sugar in plasticizing biopolymers may therefore be more complex 
than is often considered when single phase behaviour is assumed. Although it might be expected that 
small molecules such as sugars would form homogeneous mixtures with biopolymers, there is clear 
experimental evidence that there is a considerable degree of heterogeneity in the biopolymer-sugar 
systems of the extruded products assessed in this study. The effect of the heterogeneity of the blends 
on their thermal properties was studied using DSC. The thermal properties of these products reflected 
their heterogeneous character with the appearance of multiple transitions in their DSC thermogram. 
Two main transitions were identified and assigned, in order of increasing temperature, the glass-
transition of sucrose-rich phase (Tgl) and to the glass-transition of biopolymer-rich phase (Tgh). The 
results suggested that a fraction of sugar might plasticizes the biopolymer in a biopolymer-rich phase. 
The possible phase segregation appeared to be more related to the water content of the sample than 
to the sucrose concentration. However, to be visible on the DSC derivative, this phase separation 
required dynamics that could only be reached when the water content was sufficiently high. The 
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overlapping of the transition peaks suggests a non-unique composition for phases and distributions of 
microenvironments, i.e. heterogeneities. The presence of two phases leads to a dynamic compositional 
behavior with respect to water transfer and plasticization, the sucrose-rich phase becoming ergodic at 
a temperature slightly above the glass transition temperature and the water content of the phase 
being governed by the mixing entropy of the phase. Thus, sucrose seemed to make samples more 
sensitive to water plasticization. However, this calculation remains a raw estimation because the 
precise water content of each phase is not exactly known. iIndeed according to the isotherms, it is 
clear that the water content of sucrose-rich phases is lower than the polymer-richer ones, but their 
exact compositions remain unknown. It is suggested that this leads to a transfer of water from the 
biopolymer-rich phase to the sucrose-rich phase, reflecting in a significant increase of the intensity of 
derivative heat flow peak of the biopolymer-rich phase and a decrease of that of the sucrose-rich phase 
as water content increases.  
Gordon-Taylor models were derived based on the assumptions that the matrix components 
are miscible at the molecular level and that the properties of the matrix components are additive in 
terms of the volume fractions they occupy of the overall matrix. In particular the latter assumption is 
likely to be invalid for carbohydrate-water systems. Whilst the water activity of the blends is constant, 
the water content of the individual phases may vary considerably. When considering samples at 
different storage times, the results did not show any increase with increasing water content: the anti-
plasticizing effect was not visible when we introduced aged samples in the set of results. During aging 
of the glassy solids, the materials became less compliant with the mechanical relaxation times 
progressively increasing. The  change in material properties occurred over a timescale similar to the 
slow densification of the amorphous glasses, characteristic of structural relaxation in the glassy state. 
Therefore, prediction of brittle textures from the determination of Tg alone is not possible and it 
appears necessary to study dynamic changes occurring in the glassy state to explain textural or brittle-
ductile changes. Coupling of sorption isotherm data with glass transition temperatures and mechanical 
properties as a function of water content were examined, in order to obtain the critical conditions for 
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food storage. For low moisture cereal products, the relationship between water plasticization and 
mechanical properties is likely to apply generally, but it should be remembered that the brittle-ductile 
transitions do not necessarily change in unison as food undergoes a glass transition due to the effects 
of phase separation and their separate physical aging on the mechanical properties of amorphous 
components as shown in DSC and NMR experiments. It is important to notice here that  water contents 
for the Young’s modulus taken at the onset of a decrease corresponded to samples which were still in 
the glassy state, even if considering the lowest visible glass transition, which may not always be 
observed on DSC thermograms.  
Studying the properties of water and its distribution in low moisture food systems can be very 
challenging. Indeed very heterogeneous areas of the food can be created that greatly affect the 
structure and texture of final product. Understanding moisture uptake and water migration in such 
systems should  help in designing better processes to control the behavior of water during storage. In 
this work, NMR techniques have been used to determine how water interacts in such systems 
depending on sucrose content and storage humidity. The characteristic changes in relaxation time 
constants observed by LF MNR technique were attributed to the segmental motion of polymers varying 
in different physical states. Therefore, a deeper knowledge of water dynamics using NMR was carried 
out. The T1 experiment presented only one T1 depending on the delay sampling time that it was not 
expected. It seems water is apparently incorporated into the biopolymer matrix and contributes to 
mainly the solid signal. The solid echo signal were described by two components: each ascribed to one 
pool of protons: the first one with a short relaxation time (rigid population) and the second with longer 
relaxation time (mobile population). The fitting by combination functions of Abragam-Gaussian and 
Exponential showed motional heterogeneity in extruded products as the  proportional of more rigid 
and mobile protons in extrudates were different. A   T2 minima was observed as a function of moisture 
content. ,which we interpret as an exchange of water protons with exchangeable protons on the 
macromolecules. The phase separations is confirmed by LF NMR, which furthermore shows that the 
dynamics in the extrudates contained sucrose up to 20% wt are characterized by a rigid phase and a 
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mobile phase; the fraction of the mobile phase increasing when the sucrose-rich phase passes through 
the glass transition. It is unclear why such behavior would occur. It may be related to phase separations 
or redistribution of the internal interactions throughout the cereal. 
Textural properties of extrudates are strongly impacted by the addition of sugar. Hardness of 
extruded products obtained from different recipes follows a general trend linked to porosity; the 
higher the porosity, the higher the aeration of the products, the lower the hardness. Additionally 
studies  considered the use of neutron imaging technique for the structure analysis of porous cereal 
products. The relationship between porous structure of extruded starchy products and their 
mechanical properties, showed that for the same relative density, lower mechanical moduliwere 
obtained for products displaying a wide range of pore size and wall thickness. Since  relative density is 
key for mechanical properties, the internal microstructure of porous extruded cereals has also an 
impact.  
We suggest that when the sucrose-rich phase is in the rubbery state at 25 oC post aw 
equilibration, there is a migration of water and/or sucrose from the biopolymer-rich phase to the 
sucrose-rich phase resulting in the inverse point on sorption isotherm curve, due to the loss of 
plasticizer from the polymer phase. From a situation of dynamic water equilibrium between the two 
phases, we propse the net migration of water from the biopolymer-rich phase to the sucrose-rich 
phase as water is added. Furthermore, the apparent monolayer values show a tendency to decrease 
with an increase in sucrose content. The degree of hydrogen bonding between polymers is reduced 
with increasing sugar, thereby decreasing the availability of active sites for water binding and thus, the 
mono-layer moisture content.  
This work clearly showed that the composition of extruded materials can be manipulated to 
control water sorption and plasticization properties and, thereby, mechanical properties. These 
properties are often related to glass transition and effect on rigidity. Among the structural differences 
observed at various scales between extruded products, these results clearly present the need for 
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complementary techniques to probe the dynamic and architecture in the glassy state for 
heterogeneous food systems. This can be modulated to manage the stability during storage of this 
type of dry products. 
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Conclusions and perspectives 
A number of breakfast cereals and cereal-based snack foods have a characteristic, porous, 
crispy texture. The materials have a low water content which provides microbialstability and retention 
of desired textural properties. The objective of our study was to relate the extrusion parameters to; 
structural characteristics such as density, expansion, viscosity, water absorption, water solubility and 
cell size distribution); physicochemical properties (glass transition, sorption isotherm, mechanical 
properties, water mobility) and microstructure of extrudates. Such correlation would assist 
development of extruded products, and provide explanation of mechanisms of behaviour.The effects 
of sucrose addition and water content on such properties were investigated, since when products are 
improved nutritionally by reduction sucrose, this approach can be used  to obtain the targeted 
properties, including  product stability. Food product structure, studied at different length scales, is 
key to understanding the link between processing conditions and final product properties. The 
relationships is described in Fig. 7.2.  
 
Fig. 7.2 Approach used to study the relationships of process extrusion, extrudate’s properties and 
product microstructure. 
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Moisture migration in heterogeneous food systems can lead to both physical and chemical 
changes that reduce the shelf life of the food. The transfer of moisture is controlled by both 
thermodynamics (The direction of change, relating to water sorption isotherms) and dynamics (The 
rate of change, relating to diffusion rates of water and biopolymer substrates). Knowledge of these 
factors leads to several principles that can be used to reduce the rate of transfer of moisture, 
enhancing stability. Two different behaviors, depending of water activity (aw), were detected for all 
the extrudates when sucrose was present. For high aw, the presence of sucrose in the polymer 
increased the water sorption. This result follows the idea of sucrose acting both as plasticizer increasing 
the molecular mobility of the system and as a hygroscopic compound contributing to the hydration of 
the system. This behavior was accurately represented by GAB model where the k constant increased 
in the presence of sucrose suggestion an increase in the heat sorption (binding energy in the multilayer 
domain) at high RHs. For low aw, the presence of sucrose  decreased the water content. This result can 
be related to the obtained monolayer value m0 from GAB models, which decreased when sucrose 
content increased. Theoretically the decrease in this parameter suggests less sorption sites available 
for water molecules. The reduction in these sorption sites could be related to sucrose-biopolymer 
interactions which are favored over that of sucrose-water.  
Since the mechanism of moisture uptake is related to both the water movement within the 
cereal and the ability of the cereal to hydrate, the kinetics of hydration and the textural changes of 
these products were studied in order to examine the influence of the sucrose and water content on 
the product quality. Water migration kinetics were studied by applying kinetic data, including first-
order and second order exponential rate models. Second order exponential decay equations exhibited 
the best fit for the kinetic studies. The kinetic decay times show the water migration has two rate 
processes. The first  showed that the initial water uptake was at an  almost constant rate and could be 
adsorption phenomena at the surface. The second showedan increase  with higher water content. This 
behavior may be related to the decrease of extrudates porosity leading to increased capillary flow as 
moisture content increases. Further application of imaging techniques could establish these models 
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The rates increased when the concentration of sucrose increased which indicates that there is diffusion 
process controlled by the sucrose level. Further studies including multi-cycle sorption isotherms and 
X-ray diffraction proved that the structure collapse occurred without sugar crystallization during 
storage. This proved that the change in water mass transfer could related to physical state, of the glass.  
Physical state was studied by differential scanning calorimetry (DSC). After removal of the so 
called stress relaxation peak,multiple glass transition are resolved by modeling the DSC thermograms 
across a wide temperature range using Gaussian function.  DSC thermograms for extrudates at aw 
lower than 0.11 appears to be a single, wide transition. At higher values of aw, two separate glass 
transitions became clearly visible. A detailed analysis of the differential heat flow curves demonstrates 
that a single transition cannot explain the results, and we propose that a significant degree of phase 
separation occurs in amorphous blends of extrudate, as indicated by the presence of these multiple 
distinct glass transitions. We proposethat one of the phases is enriched in biopolymer and the other is 
enriched in sucrose. Physical hardening occurred in glasses upon hydration in extrudates. The use of 
supplemented state diagrams helped to understand the occurrence of those changes, the conditions 
prevailing in each stage, and the physical state of the sample. Material characterization using various 
techniques, determination of effects of phase separation on extrudate structure, textural properties, 
as well as the significance of molecular mobility below Tg on food storage stability, should be given 
particular attention in further studies of phase transitions and structure of food matrices. Our results 
indicate that many matrices of relevance to extrudates show significant the matrix heterogeneity, most 
likely originating in phase separation. It is important to point out whilst the water activity of the blends 
is constant, the water content of the individual phases may vary considerably andt may have a major 
impact on stability and performance.  
Most models fit the plasticization of carbohydrates by water fairly well. Here, we use the 
Gordon–Taylor (GT) equation for a binary blend of a carbohydrate and water to model the dependence 
of Tg on water content in extrudates. Tgl decreases with water content for all extruded samples, as 
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expected for materials that are plasticized by water. where  there are more than 2 expected Tgs , the 
glass transition temperatures of the various phases, the theoretical weight fractions of sugar and 
“flour” present in each phase for all aw’s were fitted using the Couchman–Karasz relation for a ternary 
polymer/sugar/water system. 
Sorption behavior can be related to the glass transition temperature by at least two models: 
(i) by a change in molecular diffusion mechanisms; (ii) by a change in the particle geometry. The finding 
discussed above do not entirely agree with eithermodel. It was clearly showed that the capacity of 
sucrose to influence water sorption in starches was highly dependent on the relative humidity (RH). 
Similarly, the effect of sugar on water activity (aw) of these systems also increased or decreases 
depending on the surrounding RH. Kinetic time constants of water mass transfer in the studied 
extrudates increased in the presence of sucrose only up to certain aw, after which a decrease was 
detected. This point was identified as the mixture Tg where particle geometrical integrity changed as  
reflected by the Young’s modulus  (Fig. 7.3).  
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Fig. 7.3 State diagram established including with low glass transition temperature (green dash line), 
Young’s modulus (blue solid line), fast (, red solid line) and slow (, red solid line) kinetic time 
constant for water migration as a function of water activity.  
It seems clearly that adding sucrose increased the extent of hardening of extrudates over time 
as shown by the higher apparent modulus in force deformation curve (Fig. 7.4). Increasing the sucrose 
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content of extrudates resulted in a significant increase in both RH sensitivity and Young’s modulus of 
dry extruded products and caused a reduction in the glass transition temperature, critical water 
content and critical water activity of extrudates. For the lower moisture content, the increase in 
Young’s modulus seems to be related to the so-called “physical aging” where structural relaxation and 
subsequent densification occur. Although, its seems unlikely that sucrose may have an effect on the 
relaxation kinetics by molecular interactions with the starch, it is possible that its plasticizing effect 
could have Tg. Comparison of Young’s modulus between fresh extrudate (after processing), aged-
sample and rejuvenated samples could be done in order to have a better understanding on the anti-
plasticizing effect on mechanical properties at low content. The prospered rejuvenation method also 
could be considered.  
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Fig. 7.4 Force-distance deformation curves during compression of extrudates contained 0, 10, and 20% 
sucrose. 
Studies on extrudates with different aged products detected a significant INCREASE??? in the 
Apparent modulus of these materials during storage (Fig. 7.5), probably because the structure of 
extrudate reorganized due to redistribution of water and increased chemical crosslinking in samples. 
A futher experiment was designed to de-age sample a sample p[reviously stored for several years by 
heating at 80 oC for 1 hour over MgCl2 saturated salt solution in closed container to avoid dehydration. 
This should remove the endothermic peak (or enthalpic relaxation peaks) seen on first heating scan 
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obtained by differential scan calorimetry (DSC). De-aged sample showed less rigidity, which may reflect 
the change in water distribution, which changes the modulusf glassy material.  This data does not 
agreed with the proposed hypothesis, which attributed this change in texture to reassociation of the 
amorphous structure of the starch component as confirmed by DSC. Another factor that could have 
contributed to the change in rigidity in one of the products evaluated was a slight change in the 
moisture content or moisture distribution in the extrudate structure during storage. Aging studies at 
different Tg or storage temperatures are needed to test this  hypothesis further. 
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Fig. 7.5 Force-distance deformation curves during compression of extrudates contained 10 sucrose 
and stored at 32% relative humidity. 
Effect of formulation on process parameters 
The properties of extrudates depend on sucrose content in blend and feed water during 
extrusion. Increasing the sucrose and feed water contents which replace higher molecular weight 
starch, decreased the SME input, die pressure, product diameter, expansion index, specific length, 
hence reduced starch degradation. However, the bulk density increased as the sucrose content 
increased for samples extruded at 10% feed water, while no obvious difference was shown for samples 
extruded at 15% feed water . The SME, expansion ratio, cold and hot paste viscosities of extrudates 
decreased with increasing sucrose content. Higher feed water contents decreased the melt viscosity, 
and then the expansion ratio of the extrudates, resulting in a higher density. HPSEC showed that both 
amylopectin and amylose macromolecules were fragmented during extrusion, resulting in reductions 
in the relative percentages of amylopectin. Our results demonstrated that specific mechanical energy 
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plays a critical role in the degradation of starch in wheat flour in a twin-screw extruder. It was also 
shown that sucrose content and feed water acted as plasticizers and impacted molecular size 
distribution of extrudates. This knowledge can help manufacturers to better control process conditions 
within an extruder to yield products with predictable and consistent characteristics. 
The attributes of extrusion cooked, expanded breakfast cereals are based on mechanical 
properties which are mainly influenced by bulk expansion and porosity. Porosity can be determined by 
size distribution and cell wall thickness. Non-destructive methods for characterization of these 
properties are necessary. Neutron tomography deliver information in 2D and 3D, which is required for 
a comprehensive analysis of the geometrical aspects of extruded products. Consequently, some 
preliminary trials have already been conducted, the image acquisition parameters such as acquisition 
time, rotation angle, the distance of the camera, the position of the sample on the rotating stand), as 
well as image segmentation methods (manual thresholding, histogram thresholding) played the 
important roles on the image analysis and quantitative data (Fig. 7.5). The images clearly indicate that 
the objective of reducing sucrose content and increasing relative humidity  clearly decreased the 
porosity of for extrudates. This is because both could probably be related to the reduce expansion and 
pore size of extrudate structure reduced as sucrose and water content increased. This work shows the 
real potential of neutron imaging technique for quantitatively assessing porous starch extrudates 
during storage and provided useful data by which to characterize extrudate structure. However, the 
quality of data quantitative analysis still need to be improved. Further experiments need to probe the 
water distribution changes in porous structure during storage by mean of neutron imaging technique. 
3D image analyses of high-quality processed images can also be used in the food industry as a reliable 
and accurate measure of heterogeneous food structure, which can be further used to understand the 
relationship between physicochemical properties of porous solid foods and food morphology. 
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Fig. 7.6 reconstruction 2-D images performed with different acquisition parameters (rotation angle and 
exposing time): (a) 1.5 o, 60 s; (b) 1.5 o, 120 s; (c) 1.0 o, 120 s; (d) 1.0 o, 120 s (sample was not at the at 
rotating stand). 
Differential scanning calorimetry displayedmultiple glass transitions revealing heterogeneities 
that could be associated with either a polymer-rich phase and/or a plasticizer (sugar)-rich phase. 3D 
image obtained by neutron imaging technique, reveals different attenuations of the neutron beam by 
protons, and may be detecting different water dispersion in different zones within product structure. 
ifextrudates stored at the same water activity, present different in the zones inside the materials with 
distinct water content, they may be directly imaged by this technique. 
 We applied the low field NMR and 1H FFC NMR to study the water mobility in extrudate matrix 
under different sucrose content and relative humidity for storage. The typical relaxation features that 
we observed for frequency dependence of the proton spin-lattice relaxation rates have been 
interpreted. This work showed the potential of NMR to probe molecular mobility in low moisture 
complex food products. The results of the work give a basis for going further with NMR experiments 
for this kind of materials. In particular, the roles of water and sucrose in plasticizing in extruded 
products were investigated by monitoring proton mobility using 1H NMR and 1H FFC NMR. The 1H NMR 
T1, and T2 values were obtained using the inversion-recovery pulse sequence, the Solid echo sequence 
and , FID, respectively. The spin-lattice parameter (T1)  decreased by addition of plasticizer. Solid echo 
signals shows two T2 populations: “rigid” and “mobile” populations. T2 of the mobile process depends 
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on water content but shows a minimum probably indicating the onset of fast exchange between the 
rigid population on the mobile one. The second moment M2 was found to be sensitive with regard to 
the sucrose levels. T1 obtained by FFC NMR showed a decrease as sucrose and water content increased, 
indicating the lower mobilities. T1 obtained by the fitting procedure used here represented only the 
proton of the solid population. However, by applying the proper experimental parameters, and by 
performing an appropriate fit to the decay curve (bi-exponential fit), it would be possible to study 
differences in water mobility in both rigid and mobile population protons. T1 and T2 measured by using 
FFC NMR are consistent with the values obtained from LF NMR. These results suggest that the study 
of molecular properties in extrudates at different frequencies by mean of 1H NMR FFC techniques 
might useful in monitoring molecular dynamics in extruded product and possibly lead to a more 
complete understanding of heterogeneity and physical aging of complex biopolymer system.  
Although, a better understanding of the functionally of sucrose in starch based-systems was 
obtained from the presented work, further study on these systems is requred. An important variable 
not covered was the effect of temperature on the sorption and mechanical properties as well as on 
the water diffusion kinetic during storage. This would compliment the information related to the 
effects relative humidities during storage. Both factors could contribute to the development of more 
accurate predictive models.  
Additionally, sorption isotherm showed results consistent with a model in whichthe water content of 
sucrose-rich phases is lower that the polymer richer ones, their exact compositions remain unknown. 
These results clearly showed the need for complementary techniques to probe the precise water 
content of each phase, including consideration of the phase behaviour of complex systems and thus 
the properties of their individual phases. This is vital to obtain a better understanding of the physical 
stability of the products.  
The results also show the potential of neutron imaging technique as a tool for evaluting microstructure 
of extruded cereal based-products, examining the microstructure which correlates with hydration 
properties and the changes in porous structure (i.e. pore size and pore wall thickness) and geometric 
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changes of extrudates (i.e. swelling and collapsing) occurring in the cereals upon hydration. Image 
processing will need to be improved to achieve resolution for image segmentation and image 
processing 1H NMR is also of valuein examining the dynamics in the glassy state of complex starch 
based-products. The result suggested that  1H NMR FFC technique might open an additional window 
in monitoring molecular dynamics in extrudates, leading to the full understanding of the physico-
chemical change phenomenon. 
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